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ABSTRACT: Perovskite solar cells (PSCs) have now
achieved eﬃciencies in excess of 22%, but very little is
known about their long-term stability under thermal stress.
So far, stability reports have hinted at the importance of
substituting the organic components, but little attention has
been given to the metal contact. We investigated the
stability of state-of-the-art PSCs with eﬃciencies exceeding
20%. Remarkably, we found that exposing PSCs to a
temperature of 70 °C is enough to induce gold migration
through the hole-transporting layer (HTL), spiro-MeOTAD, and into the perovskite material, which in turn severely aﬀects
the device performance metrics under working conditions. Importantly, we found that the main cause of irreversible
degradation is not due to decomposition of the organic and hybrid perovskite layers. By introducing a Cr metal interlayer
between the HTL and gold electrode, high-temperature-induced irreversible long-term losses are avoided. This key ﬁnding
is essential in the quest for achieving high eﬃciency, long-term stable PSCs which, in order to be commercially viable, need
to withstand hard thermal stress tests.
KEYWORDS: perovskite solar cells, stability, degradation, secondary ion mass spectrometry, gold, metal electrodes, buﬀer layers
While the power conversion eﬃciencies (PCEs) oforganic−inorganic perovskite solar cells (PSCs)have rapidly achieved remarkable values of 22.1%,1
this has not been matched by equal developments in long-term
stability.2,3 At this stage, operational stability is considered one
of the main obstacles for the commercialization of PSCs.4,5
The perovskites used in photovoltaics commonly employ an
ABX3 formula, where A is a monovalent cation (methylamo-
nium, MA; formamidinium, FA; Cs, etc.), B is a divalent metal,
such as Sn or Pb, and X is I, Br, or Cl. In previous studies,
perovskite ﬁlms have been subjected to diﬀerent environmental
conditions such as temperature, humidity, and illumination.6−8
It has been found that the stability of this material class varies
greatly depending on the mixing of A and X ions.9−12
Perovskites are thermally stable at temperatures not exceeding
those typically achieved by solar cells in operation (up to 85
°C),6,7 with humidity identiﬁed as the main degradation
trigger.6,13 Similarly, stability of complete PSC devices has been
investigated with relation to the same environmental
factors.6,14−18 Interestingly, in addition to the perovskite-related
degradation, the stability of the devices was found to greatly
depend on device architecture.17,19−24 This was explained partly
by interfacial degradation19,25 and also by degradation of the
charge-transporting layers.14,22 Recently, there have been eﬀorts
to substitute the widely used organic spiro-MeOTAD hole-
transporting layer (HTL) with inorganic materials to improve
the stability of PSCs.20,21,26 However, it is still unclear what the
mechanism increasing the stability is. Furthermore, while most
of the published reports focus on dark “shelf stability”,20,22,27
only a handful have investigated devices under load and
illumination17,18,26,28 and even fewer attempted to match the
realistic operation conditions of solar cells by subjecting them
simultaneously to temperatures in excess of 70 °C,29 which are
routinely achieved on a hot, sunny day.30
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Here, we investigate the stability of state-of-the-art perovskite
devices with PCEs above 20%. We show that operating devices,
employing a spiro-MeOTAD HTL and a Au or Ag back contact
(the most widely used architectures, currently yielding the
highest PCEs), at temperatures exceeding 70 °C causes
irreversible changes to the devices, which results in a dramatic
performance loss. By means of elemental analysis on aged
devices, we observe that considerable amounts of Au from the
electrode diﬀuse across the HTL into the perovskite layer. We
pinpoint the diﬀused Au to cause the irreversible loss of open-
circuit voltage (Voc), ﬁll factor (FF), and short-circuit current
density (Jsc) in the aged devices. We further show that
introduction of a Cr interlayer alleviates the problem of fast
device aging at elevated temperatures. This is an encouraging
Figure 1. Structure of the PSCs studied in this work. (a) SEM image of the cross section of full devices containing the triple cation perovskite.
(b) J−V curve of a high eﬃciency device used in this study. The J−V curve is recorded at 10 mV s−1. The inset shows stabilized power output
by maximum power point (MPP) tracking for 55 s. The MPP tracking begins around Voc and is updated every 150 ms.
Figure 2. Performance of devices composed of the triple cation perovskite operated at maximum power point at diﬀerent temperatures. (a,b)
J−V characteristics of the devices aged at 20 and 75 °C, respectively: before, at the end of the 15 h aging experiment, and after 7 h of recovery
in the dark at 20 °C and under nitrogen ﬂow. J−V curves are recorded at 20 °C and with a 10 mV s−1 scan rate. (c,d) Evolution of PCE, VMPP,








ﬁnding as it shows that neither perovskite nor spiro-MeOTAD
is the limiting factor for the high-temperature stability of PSCs.
RESULTS AND DISCUSSION
The PSCs were fabricated on ﬂuorine-doped tin oxide (FTO)
glass and composed of a typical stack of compact TiO2/
mesoporous TiO2/perovskite/spiro-MeOTAD/Au as recently
reported by us.31 The active layer of the device consists of a
perovskite-ﬁlled mesoporous TiO2 scaﬀold and a solid
perovskite layer sitting on top of it. The chemical composition
of the perovskite precursor is a Cs-containing FA0.83MA0.17Pb-
(I0.83Br0.17)3 formulation, referred to as “triple cation” perov-
skite in this work.12 Figure 1a shows the cross-sectional
scanning electron microscopy (SEM) image of the device with
a thin perovskite-inﬁltrated mesoporous TiO2 layer (an
electron selective layer, ESL) of ca. 200 nm and a 500 nm
perovskite capping layer composed of large crystals. A 200 nm
layer of spiro-MeOTAD (as HTL) sits atop the perovskite
layer, and ﬁnally, a gold top electrode is deposited to contact
the device. With this architecture, we achieved very high PCEs
of up to 20.6% (stabilized at 20.0%; Figure 1b).
The aging experiments were conducted by keeping the
devices at controlled temperature (20 or 75 °C), in nitrogen
atmosphere and under 1 sun equivalent white light-emitting
diode (LED) illumination at maximum power point (MPP) for
over 15 h (see Scheme S1). Figure 2a shows the current−
voltage (J−V) curves of the device aged at 20 °C: before, at the
end of the aging experiments, and after 7 h of recovery (in dark,
under nitrogen ﬂow and 20 °C; cf. Figure S1a for the evolution
of J−V parameters), while Figure 2c shows the evolution of
PCE, VMPP, and JMPP over the course of the experiment. The 20
°C device has shown very high stability overall, with Voc being
the most stable parameter individually. The limited decrease in
PCE was mostly due to a small and temporary loss of Jsc, and
the device regained its performance following 7 h of recovery
(Table 1).
On the other hand, the degradation of the device aged at 75
°C was much more severe (Figure 2b,d and Figure S1b), and
no recovery was seen. All J−V metrics saw a substantial
reduction, with Jsc/JMPP suﬀering the most and the earliest into
the experiment. Additionally, a large, irreversible loss of Voc was
observed. This pattern of small, reversible PCE loss for devices
aged around room temperature and a severe, permanent PCE
loss including a substantial reduction in Voc after aging at 75 °C
is reproducible, and we conﬁrmed this by repeating the
experiment several times (Figure S2). A similar pattern was
found for samples aged under the identical conditions but by
keeping the devices at Voc, indicating that the degradation was
not primarily due to the load on the device (Figure S3).
Moreover, a similar observation was made for devices aged at
75 °C in the dark (Figure 4c), conﬁrming that light was only
partially responsible for the degradation. Hence, we concluded
that the heating is responsible for most of the degradation.
In order to investigate the eﬀect of aging on perovskite, we
performed UV−visible absorption spectroscopy (Figure S4)
and X-ray diﬀraction (XRD) measurements (Figure S5) before
and after the aging experiments (Au electrode was removed).
No major diﬀerence was found in the material’s structural and
optical properties with the temperature treatment. The
absorption of aged devices was independent of the aging
temperature. Similarly, XRD analysis showed no correlation
between temperature of aging and perovskite degradation.
However, the peak indicating the presence of PbI2 (2θ =
∼12.8°; the devices are fabricated with a small PbI2 excess) has
slightly increased in both devices aged at 20 and 75 °C.
Since the structural and optical changes of the perovskite are
not the main cause of the dramatic device performance loss, the
elemental composition of the aged devices was investigated.
Time of ﬂight secondary ion mass spectroscopy (ToF-SIMS)
elemental depth proﬁling is a perfectly suited technique for this,
and it has been proven to work well to characterize perovskite-
based devices.32−34 By rastering an energetic beam of ions
across a sample and analyzing the debris of those collisions,
spatially resolved elemental maps can be obtained. Figure 3a
shows a depth proﬁle of an as-fabricated control device, which
has never been exposed to high-intensity light, electric ﬁeld, or
temperature higher than room temperature. The Au− ion trace
is indicative of the top electrode; the CN− ion can be ejected
from either the spiro-MeOTAD HTL or the perovskite layer. I−
comes from the perovskite layer, TiO2
− is from either the
mesoporous scaﬀold or the ESL; and SnO2
− is from the FTO
electrode. The relative intensity of CN− and I− from the HTL
to the FTO layer is beyond the scope of this publication and
will be the subject of future work. Further, these ions are
sensitive to diﬀusion and segregation at the surface because of
the primary ion bombardment/implantation, which can explain
their long diﬀusion tails in the FTO and the substrate.35 We
clearly see a sharp interface between Au and HTL; however,
roughness induced by the primary ion erosion explains the
sharpness decrease with the increased ﬂuence. Moreover,
passing the TiO2 mesoporous layer also aﬀects the interface
evaluation.
When comparing the control device with the aged ones (see
Figure S6 for full SIMS proﬁles and the Methods section for an
explanation of how ToF-SIMS proﬁles can be compared), one
striking observation for the device aged at 70 °C is the
occurrence of a Au− signal (in yellow) in the mesoporous TiO2
perovskite, which peaks close to the TiO2/SnO2 interface. This
unexpected occurrence of the high Au peak is the ﬁrst ever
reported direct evidence of metal migrating from the electrode
to inside the perovskite layer. This phenomenon, however, has
been observed previously in inorganic semiconductors for
several diﬀerent metals such as Au, Ag, Ni, Cu, and Fe.36−40
Figure 3b presents the 3D distribution of the ions shown in
Figure 3a across a 100 μm2 region of the samples (see Movie S1
for an animated 3D reconstruction). One can clearly see that
the respective ions are distributed uniformly in the xy plane of
the device. At 70 °C, a considerable amount of Au has diﬀused
inside the perovskite layer and accumulated close to the TiO2/
SnO2 interface.
Inductively coupled plasma mass spectrometry (ICP-MS)
was used to quantify the amount of Au diﬀused in the
Table 1. J−V Parameters of Aged PSCsa
PCE (%) Voc (mV) Jsc (mA cm
−2) FF
initial 17.7 1105 23.3 0.69
after aging at 20 °C 16.5 1097 22.8 0.66
after 7 h recovery 19.7 1138 23.3 0.74
initial 19.4 1142 23.2 0.73
after aging at 75 °C 4.9 922 9.5 0.57
after 7 h recovery 5.3 991 9.6 0.55
aThe data were extracted from the backward scan of the devices








perovskite in one control device and one device aged at 70 °C.
This was done by removing the Au electrode and dissolving the
active layers of the devices (for more information, see Scheme
S2). The measurement found a large amount of Au in the
sample aged at 70 °C (72.8 ng), while the level of Au found in
the control sample was below the detection limit of the
Figure 3. ToF-SIMS depth proﬁles of the aged PSC devices. (a) Proﬁle showing the concentration of selected species across the control
device. The proﬁle of Au− is compared to that of the devices aged at 30 and 70 °C. (b) Reconstructed elemental 3D maps for the ions traced
in the depth proﬁle. The xy dimensions of the analyzed area are 10 × 10 μm.
Figure 4. Pinpointing the degradation to Au diﬀusion. (a,c) J−V curves of two identically prepared Au-contacted devices (two pixels fabricated
on the same substrate) heated in the dark at 75 °C in N2 atmosphere for 16 h. (b,d) Step-by-step treatment of the respective devices. The
device in (a) had the electrode removed before the heating phase. For the device in (c), the original Au electrode remained in place during the
aging and was removed directly afterward. Both devices had the electrode redeposited subsequently. Devices were exposed to light only
during J−V measurements. The recovery of all devices was in the dark at 20 °C and nitrogen ﬂow. J−V curves were recorded at 20 °C with a
10 mV s−1 scan rate.
ACS Nano Article
DOI: 10.1021/acsnano.6b02613




instrument (∼1 ng for the amount of solution used). This
translated to a concentration of 1.45 nM cm−2 of Au (or 8.9 ×
1014 Au atoms cm−2; compared to ∼1017 Pb atoms cm−2) in the
perovskite layer of the aged device.
Based on the evidence (ToF-SIMS, ICP-MS), it was
concluded that Au from the top electrode can diﬀuse across
the organic spiro-MeOTAD HTL and into the perovskite
before it is stopped at the TiO2/perovskite interface. Since
some Au was already found within the HTL of the control
device (Figure 3), it shows that spiro-MeOTAD is a very poor
barrier for the migration of Au. Therefore, even heat produced
during back contact evaporation is suﬃcient to cause Au
diﬀusion into the HTL. Subsequently, the Au− signal in HTL
increases in the device aged at 30 °C. However, this does not
seem to have a detrimental eﬀect on the performance of the
device. When the aging temperature is increased to 70 °C, Au
appears to easily pass through the HTL and accumulate within
the perovskite layer. It appears that only when inside the
perovskite, Au critically degrades the performance of PSCs.
Au diﬀusing inside the perovskite can have several
detrimental eﬀects. First of all, it can produce shunts across
the device, reducing the FF.24 Moreover, Au atoms can create
deep trap states within the semiconductor, which enhances
nonradiative recombination and consequently degrades Voc as
well as Jsc. Indeed, we observe a severe, irreversible reduction in
Voc, Jsc, and FF in the devices aged at high temperature. The
phenomenon of Au creating mid-band-gap states for silicon
devices has been reported before.36,37
In order to pinpoint the observed degradation to Au
diﬀusion into perovskite and to exclude possible inﬂuence of
interfacial or HTL degradation, we performed dark heating
experiments on two identically fabricated devices, one of which
had the Au electrode temporarily removed for the duration of
the heating phase (see Methods). We found that the device
heated without the Au electrode did not degrade signiﬁcantly
and later recovered almost all of its initial performance (Figure
4a). On the other hand, the device aged with Au on top has
seen a severe degradation (Figure 4c) similar to that shown
above. While replacing the Au electrode of the degraded
devices with a fresh one helped to partially recover Jsc, the loss
of Voc and FF was permanent. The reason for the recovered Jsc
is likely due to the partially reversible nature of degradation in
PSCs when they are left in the dark. We note that the process
of replacing the electrode takes around 1.5 h. However, it may
also indicate degradation of the Au/spiro-MeOTAD interface.
Next, Au was compared to the other most widely used
electrode for PSCs, namely, Ag. The average initial eﬃciency of
Ag-contacted devices was 11.8% compared to 18.3% for Au-
contacted devices from the same batch. By heating the devices
to 75 °C in the dark and in a nitrogen atmosphere, we found
that devices with a Ag electrode degrade dramatically, as seen
for the Au analogues (Figure S7). While the loss of Voc was
relatively lower, the increased degradation may come from the
fact that iodine can migrate through the HTL, reacting with Ag
and altering the electronic properties of the Ag/HTL
interface.23,27 A similar phenomenon has been also shown for
Al-contacted devices.27 This further conﬁrms that metal
electrodes (Au and Ag) are intrinsically incompatible with
organic spiro-MeOTAD HTL-based perovskite devices such as
solar cells,41−43 photodetectors,44−46 lasers,47 and LEDs.48 The
problem of metal-induced degradation cannot be simply
resolved by sealing the devices, and metal diﬀusion must be
stopped by an alternative HTL or an interfacial layer preventing
this phenomenon.
Several strategies were explored to resolve the issue of metal-
migration-induced degradation of PSCs. First, the HTL was
modiﬁed by mixing spiro-MeOTAD with Al2O3 nanoparticles.
This approach has been proposed by Guarnera et al. to stop
metal diﬀusion across the HTL.24 While the stability of as-
prepared devices aged under MPP conditions and 75 °C was
improved signiﬁcantly, the extent of degradation proved
unacceptable and a linear degradation component was observed
(Figure 5b and Figure S8).
Thin interlayers of Cr (10 nm) were deposited as diﬀusion
barriers between the spiro-MeOTAD HTL and Au. The initial
performance of these devices was 13.0%, which was lower than
that without a Cr layer and likely due to high series resistance
or work function mismatch of the Au/Cr/spiro-MeOTAD
stack. By subjecting the Cr/Au devices to realistic solar cell
operating conditions (75 °C, 1 sun illumination, and MPP
tracking), the stability was found to improve critically (Figure
5c), and any degradation was reversible (due to an increase of
Voc, the device outperformed itself following 9 h of recovery,
Figure S9a). After an early period of exponential decay, the
Figure 5. Solving the problem of metal-migration-induced degradation. (a) Schematics of three devices with diﬀerent HTL/electrode
conﬁgurations. (b) Top view SEM images of fresh/degraded Au electrodes of the devices. (c) Results of maximum power point tracking aging








PCE stabilized at 83% of the initial value. Importantly, no
degradation of Voc in the aged devices occurred (Figure S9),
indicating that Au diﬀusion across the HTL into perovskite has
been hindered by the Cr interlayer. We have conﬁrmed this by
performing ICP-MS spectrometry on the aged Cr/Au devices
and not ﬁnding any trace of Au or Cr inside the perovskite
layer. Furthermore, we imaged the fresh and degraded Au
electrodes of the three devices with diﬀerent HTL/electrode
conﬁgurations (Figure 5b). While the Au electrode of the spiro-
MeOTAD + Au device became evidently porous following
high-temperature exposure, both devices with spiro-MeOTAD/
Al2O3 + Au and spiro-MeOTAD + Cr/Au architectures had no
visible evidence of electrode degradation or decomposition.
This ﬁnding suggests that it is plausible that the spiro-
MeOTAD layer cracks when heat-stressed, which in turn
creates pores and a point of contact between Au/perovskite.
This eﬀect could be hindered by a Cr interlayer, or cracking of
spiro-MeOTAD could be considerably reduced by mixing it
with Al2O3.
The high-temperature stability of Cr/Au devices is
unprecedented, and such behavior has never been observed
in devices using Au or Ag as contacts. In addition, deposition of
a thin Cr interlayer is industrially feasible as Cr can be
evaporated from Cr-plated W wires by sublimation. Finally, this
work brings to light the misconception that the perovskite
materials and HTLs are the main contributors to the long-term
degradation of device performance. Several reports of successful
employment of inorganic HTLs, inorganic interfacial layers, or
transparent conductive oxide electrodes have shown consid-
erable improvement of PSC stability.20,24−26,50 Although not
directly acknowledged, the improvement in stability may have
come from hindering metal diﬀusion from the contact across
the HTL into the perovskite rather than more eﬃcient
protection of perovskite from oxygen or humidity.
CONCLUSIONS
We investigated the stability of state-of-the-art, “triple cation”
perovskite devices with PCEs above 20%. We show that
operating devices employing a spiro-MeOTAD HTL and a Au
or Ag back contact at temperatures exceeding 70 °C causes
irreversible changes to the devices, which results in a dramatic
performance loss. By means of elemental analysis on aged
devices, we observe that considerable amounts of the Au from
the electrode diﬀuse across the HTL into the perovskite layer.
We pinpoint the diﬀused Au to cause the irreversible loss of Voc,
FF, and Jsc in the aged devices. We further show that insertion
of a thin Cr interlayer between the HTL and Au alleviates the
problem of severe device degradation at elevated temperatures.
This shows that neither perovskite nor spiro-MeOTAD is the
primary limiting factor for high-temperature stability of PSCs in
the current conﬁguration, as it has previously been suggested.
Our study creates a roadmap for high-temperature stability
measurements of PSCs by taking into consideration metal
migration. Therefore, it is important for the ﬁeld to investigate
other interlayer materials that can hinder this phenomenon.
METHODS
Device Fabrication. Perovskite Precursor Solution and Film
Preparation. Nippon sheet glass (10 Ω cm−2) was cleaned by
sonication in a 2% Hellmanex water solution for 30 min. After being
rinsed with deionized water and ethanol, the substrates were further
cleaned with UV ozone treatment for 15 min. Subsequently, a 30 nm
TiO2 compact layer was deposited on FTO via spray pyrolysis at 450
°C from a precursor solution of titanium diisopropoxide bis-
(acetylacetonate) in anhydrous ethanol. After being sprayed, the
substrates were left at 450 °C for 45 min and left to cool to room
temperature. Then, a mesoporous TiO2 layer was deposited by spin-
coating for 20 s at 4000 rpm with a ramp of 2000 rpm s−1, using a 30
nm particle paste (Dyesol 30 NR-D) diluted in ethanol to achieve a
150−200 nm thick layer. After the spin-coating, the substrates were
dried at 100 °C for 10 min and then sintered again at 450 °C for 30
min under dry air ﬂow.
Li-doping of mesoporous TiO2, as described elsewhere,
31 is
accomplished by spin-coating a 0.1 M solution of Li-TFSI in
acetonitrile at 3000 rpm for 10 s followed by another sintering step
at 450 °C for 30 min. After being cooled to 150 °C, the substrates
were immediately transferred in a nitrogen atmosphere glovebox to
deposit the perovskite ﬁlms.
Perovskite Precursor Solution and Film Preparation. The organic
cations were purchased from Dyesol, the lead compounds from TCI,
and CsI from abcr GmbH. The triple cation perovskite precursor
solutions were prepared from a precursor solution containing FAI (1
M), PbI2 (1.1 M), MABr (0.2 M), and PbBr2 (0.2 M) in anhydrous
DMF/DMSO 4:1 (v/v).51,52 Then CsI, which was predissolved in
DMSO, was added to this perovskite precursor to achieve the 5 mol %
triple cation composition. We note that this composition contains a
lead excess as reported elsewhere.12
The perovskite solution was spin-coated in a two-step program at
1000 and 6000 rpm for 10 and 20 s, respectively. During the second
step, 100 μL of chlorobenzene was poured on the spinning substrate 5
s prior to the end of the program. Films with Cs-containing perovskite
turned dark immediately after spin-coating. The substrates were then
annealed (at 100 °C) for 1 h in a nitrogen-ﬁlled glovebox.
Hole-Transporting Layer and Top Electrode. After the perovskite
was annealed, the substrates were cooled for few minutes and a spiro-
MeOTAD (Merck) solution (70 mM in chlorobenzene) was spin-
coated at 4000 rpm for 20 s. Spiro-MeOTAD was doped with
bis(triﬂuoromethylsulfonyl)imide lithium salt (Li-TFSI, Sigma-Al-
drich), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) tris-
(bis(triﬂuoromethylsulfonyl)imide) (FK209, Dynamo), and 4-tert-
butylpyridine (TBP, Sigma-Aldrich). The molar ratio of additive spiro-
MeOTAD was 0.5, 0.03, and 3.3 for Li-TFSI, FK209, and TBP,
respectively.
Finally, 70−80 nm of the Au top electrode was thermally
evaporated under high vacuum. The active area of the device, as
deﬁned by the overlap of Au and FTO electrodes, was 0.26 cm−2. The
Cr interlayer between spiro-MeOTAD and Au was thermally
evaporated. The vacuum was not broken between evaporation of Cr
and Au.
J−V and Stability Measurements. The initial eﬃciency of the
record devices was measured under AM 1.5G illumination provided by
450 W xenon lamp (Oriel) ﬁtted with a Schott K113 Tempax ﬁlter
(Praz̈isions Glas & Optik GmbH). The light intensity was calibrated
with a Si photodiode equipped with an IR cutoﬀ ﬁlter (KG3, Schott).
All the other J−V curves were measured with a Biologic SP 300
potentiostat under a 1 sun equivalent white LED lamp. The light
intensity of the LED lamp was adjusted so that the stabilized Jsc of the
devices matched their stabilized Jsc measured under aforementioned
calibrated xenon lamp setup. The devices were masked to 0.16 cm2,
cooled to 20 °C, and ﬂushed with nitrogen with an in-house developed
sample holder. The stability measurements were performed by
tracking the maximum power point of the devices illuminated with a
white 1 sun equivalent LED lamp with a Biologic SP 300 potentiostat.
The MPP was updated every 60 s by a standard perturb and observe
method. The temperature of the devices was precisely controlled with
a Peltier element in direct contact with the ﬁlms, and the temperature
was measured via a surface thermometer inserted between the Peltier
element and the ﬁlm. Before the beginning of each experiment, J−V
curves of the devices were measured (at 10 mV s−1). Additionally, J−V
curves were taken every 15 min (at 100 mV s−1; only backward scan)
during the aging in order to track the evolution of J−V metrics. Finally,
several hours after the end of the experiment, the J−V characteristics
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of the devices were remeasured (the devices being stored in the dark,
at 20 °C, and under nitrogen ﬂow between the measurements).
The experiment shown in Figure 4 with Au electrode removal was
performed in the following way. Two devices (pixels) were fabricated
on one substrate. J−V characteristics of both pixels were measured,
and subsequently, the Au electrode was removed from one pixel. The
devices were left in the dark under a nitrogen ﬂow and at 75 °C
overnight. Subsequently, the pixel aged with Au was remeasured, and
then it had the electrode removed. Finally, the Au electrode was
redeposited on both pixels (the process took approximately 1.5 h), and
their J−V characteristics were remeasured immediately and then
measured again after 7 h or recovery in the dark, under nitrogen ﬂow
and 20 °C.
ToF-SIMS Spectrometry. A dual-beam ToF-SIMS V (IONTOF)
was used with Cs+ primary ions (1 keV, 65 to 72 nA, 250 × 250 μm2)
for the erosion and a Bi+ pulsed primary ion beam for the analysis (30
keV, 1.2 pA, 100 × 100 μm2). The analysis area was centered inside
the cesium raster area. The noninterlaced mode was used, with 2.5 s
sputtering after each bismuth analysis cycle (128 × 128 pixels). The
gold electrodes were connected to the sample holder with carbon tape
for a better charge compensation using the electron ﬂood gun. The
analyzer reﬂectron voltage was adjusted 25 V over the cutoﬀ voltage
on the secondary ion image.
The depth proﬁles (Figures 3a and S7) were normalized to the
SnO2
− signal (from the FTO substrate). The SnO2
− interface of the
control devices was used as a reference for the ﬂuence scale on each
batch of samples. Indeed, the deposited layer thicknesses are similar,
although small variations of the cesium sputtering current and of the
interface positions are expected in the same batch of measurements. It
is important to note that the relative ﬂuence scale of the subsequent
layers does not reﬂect their actual thickness. The apparent thickness of
each layer depends on the erosion rate of the cesium primary ion beam
in diﬀerent materials.
Although ToF-SIMS is a sensitive analytical technique, the relative
secondary ion intensities cannot be related to their relative
concentration/amount because it depends on their ionization
probability. For a given departing secondary ion, the ionization
probability depends on factors such as the surrounding chemical
element or the probability of neutralization when it escapes the
surface.49 Hence, a meaningful comparison can only be made for the
same element within the same layers for diﬀerent devices.
ToF-SIMS analysis was performed on devices based on
FA0.83MA0.17Pb(I0.83Br0.17)3. However, the formulation of the later
devices used for aging experiments contained a small addition of Cs.
We found identical degradation patterns (Figure S10) for both types
of devices, and hence, we concluded that the addition of a small
amount of Cs to the perovskite blend does not aﬀect the phenomena
of metal-induced degradation of PSCs.
ICP Spectrometry. The Au electrodes of complete devices were
removed from the samples with a piece of scotch tape. This step was
repeated three times using a fresh piece of tape each time.
Subsequently, the samples were cut into three pieces (the areas of
the electrodes were cut oﬀ the central piece), and only the central
region which contained the active area was taken for further
processing. Next, the samples were immersed in a bath of
chlorobenzene for 5 min in order to dissolve the spiro-MeOTAD
layer with any remains of Au. Then, each sample was rinsed with
chlorobenzene individually, dried, and, ﬁnally, placed in a vial
containing 10 mL of 4:1 HCl (37%)/HNO3 (67%) aqua regia. The
vials were subsequently sonicated for 1 min, and the samples were left
overnight to dissolve. The ICP analysis was performed with
Shhimadzu ICPE-9000 on the aqua regia solution diluted in a 1:1
ratio with water. The detection limit for Au was ∼1 ng in 20 mL of the
solution. The active area of the device, as deﬁned by the overlap of Au
and FTO electrodes in the central part of the device, was 0.26 cm2.
SEM, XRD, and UV−Visible Absorption Spectrometry. A Zeiss
Merlin HR-SEM was used to characterize the morphology of as-
fabricated device cross sections. XRD and absorption measurements
were performed on complete devices, just prior to evaporation of the
Au contact. Following Au contact evaporation and subsequent aging,
the Au electrode was removed from the devices with a piece of scotch
tape and XRD and absorption characterization were repeated. Hence,
the aging, absorption, and XRD data shown here were obtained
physically from the same devices. XRD analysis was performed using a
Bruker D8 Advance X-ray diﬀractometer using Cu Kα radiation (λ =
0.154178 nm) at a scanning rate of 2° min−1 in the 2θ range from 11
to 40° and separately with a rate of 0.5° min−1 in the range from 12.5




The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.6b02613.
Schematics of the aging program, sample preparation
procedure for ICP MS, additional aging data, UV−vis
and XRD spectra of fresh and aged devices, complete
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cation (methylammonium (MA), forma-
midinium (FA), Cs, or Rb), B is Pb or Sn, 
and X is a halide.[2–4] PSCs have recently 
attracted a lot of attention, owing to their 
very high power conversion efﬁciency 
(PCE; up to 22.1%),[5] cheap starting mate-
rials, and ease of fabrication. However, 
their poor stability, which has been linked 
to the sensitivity of the organometallic 
absorber toward humidity,[6] and their 
overall poor long-term thermal stability[7] 
have been the major factors hindering 
their fast commercialization. It has been 
proposed that the Cs-containing “triple 
cation” perovskites of the form Cs/FA/
MA are structurally more stable than the 
MAPbI3 and the mixed ion FAPbI3:MAPbBr3[8] perovskites, 
due to the smaller ionic radius of the Cs than those of the FA 
and MA cations.[3] This approach has been further advanced by 
the incorporation of Rb into the mixture to form the so-called 
“quadruple cation” PSCs.[2]
We have previously reported a crucial instability factor in 
PSCs operating at elevated temperatures related to Au from 
the back hole contact (HC) migrating through the entire solar 
cell structure and interacting with the perovskite, causing dra-
matic loss of solar cell performance.[9] Although the Au migra-
tion could be circumvented via the use of Cr interlayer between 
the Au contact and the hole transporting material (HTM; 
2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,90-spirobiﬂu-
orene, Spiro-OMeTAD), this came at the expense of a consider-
able efﬁciency decrease. In a subsequent work, we have shown 
that the problem of Au migration can be also circumvented 
by substituting Spiro-OMeTAD with the poly(triaryl amine) 
(PTAA) HTM.[2] However, this approach still involves the use of 
expensive Au contacts, and the PTAA polymer is currently also 
considerably more costly than the Spiro-OMeTAD HTM.
Different carbon-based alternative materials have been 
introduced as HTMs and HCs, such as carbon nanotube 
ﬁlms with[10–12] and without[13] additional metal layers and 
carbon black composite contacts.[14,15] In our previous study, 
we demonstrated that a potentially cost-effective single-walled 
carbon nanotube (SWCNT) ﬁlm deposited directly onto the 
FAPbI3:MAPbBr3 perovskite layer and processed further with 
a small amount of drop-cast Spiro-OMeTAD yielded high solar 
cell efﬁciencies of around 15%.[16] SWCNT-based contacts 
offer also other important advantages, such as extremely high 
ﬂexibility[17] (which is a prerequisite for industrial roll-to-roll 
Mixed ion perovskite solar cells (PSC) are manufactured with a metal-
free hole contact based on press-transferred single-walled carbon 
nanotube (SWCNT) ﬁlm inﬁltrated with 2,2,7,-7-tetrakis(N,N-di-p-
methoxyphenylamine)-9,90-spirobiﬂuorene (Spiro-OMeTAD). By means of 
maximum power point tracking, their stabilities are compared with those 
of standard PSCs employing spin-coated Spiro-OMeTAD and a thermally 
evaporated Au back contact, under full 1 sun illumination, at 60 °C, and in 
a N2 atmosphere. During the 140 h experiment, the solar cells with the Au 
electrode experience a dramatic, irreversible efﬁciency loss, rendering them 
effectively nonoperational, whereas the SWCNT-contacted devices show only 
a small linear efﬁciency loss with an extrapolated lifetime of 580 h.
Perovskite solar cells[1] (PSCs) are a relatively new type of photo-
voltaic devices, which are based on light absorbing materials 
with the general formula of ABX3, where A is a monovalent 
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deposition processes) and semitransparency,[18] which is 
required in, e.g., bifacial solar cells. Snaith and co-workers 
have also suggested that a SWCNT-poly(methyl methacrylate) 
(PMMA) composite may protect the perovskite ﬁlms from 
ambient humidity even more efﬁciently than PMMA alone due 
to the hydrophobic nature of SWCNTs.[11]
In this work, we show that PSCs employing a SWCNT-based 
HTM-HC have superior long-term stability at elevated tempera-
tures (60 °C—temperature commonly used for solar cell sta-
bility testing[19]), as compared to that of the standard conﬁgura-
tion with an evaporated Au contact with Spiro-OMETAD HTM. 
We fabricated devices based on ﬂuorine-doped tin oxide (FTO)/
compact TiO2/mesoporous TiO2/perovskite/Spiro-OMeTAD/
HC architecture, with Cs5(MA0.17FA0.83)95Pb(I0.83Br0.17)3 per-
ovskite as the active layer (from here on referred to as “mixed 
ion perovskite”). Two types of HTM-HC conﬁgurations were 
used: (1) spin-coated Spiro-OMeTAD and evaporated Au con-
tact and (2) SWCNT:Spiro-OMeTAD composite HTM-HC[16] 
manufactured by a simple press transfer of the SWCNT ﬁlm 
on the perovskite layer and inﬁltrating the SWCNT ﬁlm with 
Spiro-OMeTAD (i.e., no additional Au or Ag contact or a sepa-
rate Spiro-OMeTAD layer is utilized in the structure; the latter 
conﬁguration is depicted in Figure 1a,b and the standard one in 
Figure 1c,d).
In this study, both the short-circuit current density (JSC) and 
the open circuit voltage (VOC) were, on average, similar for the 
both types of cells (cf. Figures 1c and 3a,b). While the similar 
VOC is in line with our previous ﬁndings,[16] we note no mis-
match in JSCs of the Au and SWCNT contacted devices, as 
we did in the previous study (where the JSC was lower for the 
SWCNT devices as compared to the Au devices). In this work, 
the currents for the SWCNT devices are overall a bit higher 
(21–22 mA cm−2) than in the previous study (≈20 mA cm−2). 
This suggests that in the currently used perovskite ﬁlms’ case, 
the ﬁlm absorbs most of the incoming light and Au back reﬂec-
tion does not contribute to the current generation. This is due 
to the thicker perovskite ﬁlm (500 nm)[20] compared to what 
was used in our previous work (300–400 nm).[16] Finally, the 
Adv. Mater. 2017, 29, 1606398
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Figure 1. a) Schematics and b) cross-sectional SEM image of the SWCNT-contacted device. The carbon nanotube “whiskers” in front of the SEM image 
are due to sample preparation. c) Schematics and d) cross-sectional SEM image of the standard Au contacted device (with spin-coated Spiro-OMeTAD 














© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1606398 (3 of 5)
relatively lower ﬁll factor (FF) in the SWCNT devices (compared 
to spin-coated Spiro-OMeTAD-perovskite interface) is most 
likely related to the somewhat unoptimized contact between the 
SWCNT-Spiro-OMeTAD composite and the perovskite layer.[16] 
The higher sheet resistance of the SWCNT-Spiro-OMeTAD 
composite ﬁlm (≈15 Ω −1 compared to <1 Ω −1 for Au layer) 
further reduces the FF. Nevertheless, high efﬁciency (>16%) 
PSCs can be manufactured with the SWCNT-based HTM-HC, 
without the use of costly metal electrodes.
The results from the 140 h maximum power point (MPP) 
tracking of the Au and SWCNT-contacted devices under white 
light-emitting diode (LED) illumination with an intensity equiv-
alent to 1 sun, carried out in N2 atmosphere, can be seen in 
Figure 2. A Au-contacted device yielding a PCE of 18.4% (18.0% 
stabilized) and a SWCNT device yielding 15.0% PCE (14.3% 
stabilized) were used in the stability testing. The lower per-
formance of the latter, as compared to the device in Figure 1c, 
was due to its slightly lower VOC (1.03 V) and FF (0.63). The 
cells were kept at the temperature of 20 °C for the ﬁrst 14 h of 
the ageing experiment, and one can see that the Au-contacted 
device has shown pronounced changes within this period. We 
added also results from a 90 h MPP tracking of an Au device 
conducted in 20 °C in Figure 2a to highlight the initial degrada-
tion of PSCs in lower temperatures, followed by a stabilization 
period, which is not seen in high temperature experiments, 
where Au devices undergo an irreversible degradation process. 
We have previously shown that the changes occurring in 20 °C 
experiments are due to slow cation migration in the devices 
happening in the timescale of hours and they are mostly of 
reversible nature and the cells recover most of their perfor-
mance if they are allowed to relax 7–8 h in the dark.[9,21] Curi-
ously, the SWCNT device exhibits only a small efﬁciency drop 
in this region. According to our practical experience, this initial 
efﬁciency loss phenomenon is not usually so pronounced for 
lower efﬁciency (<18%) solar cells, like the SWCNT cells, and 
we believe that in the lower efﬁciency cells’ case it is masked by 
for instance initially higher series resistances.
After the temperature was increased to 60 °C, the degrada-
tion of the Au-based device accelerated dramatically. The device 
showed an exponential decay, losing 20% of the remaining 
PCE within only 8 h of ageing. This is expected and has been 
shown by us to be due to Au migration-induced degradation of 
the device.[9] In contrast, the SWCNT-contacted device showed 
a slow decay which can be approximated with a linear func-
tion yielding a slope of −0.005% h−1. Assuming that this trend 
continues, we extrapolate a very conservative estimate of the 
predicted lifetime (deﬁned as the point, where 20% of initial 
PCE is lost, T80) of 580 h. With a simplistic assumption that 
the degradation rate is directly proportional to the light inten-
sity, this value corresponds to half a year of operation given an 
average of three sun shine hours a day—typical value for cen-
tral Europe.[22]
We further investigated the nature of degradation of the two 
devices by tracking the evolution of the J–V curves and the J–V 
metrics over the course of the ageing experiment (Figure 3). 
The Au-based device degraded signiﬁcantly including a signif-
icant worsening of all the main J–V parameters. Notably, the 
considerable loss of VOC has been previously demonstrated to 
be an indication of Au-induced degradation of the perovskite 
layer.[9] Importantly, the SWCNT device showed only a minor 
decrease in VOC and JSC, which could be due to, e.g., perovs-
kite phase transition, slow degradation due to residual water 
or oxygen in the perovskite ﬁlm, light induced trap states or 
ionic movement—degradation mechanisms of perovskite 
ﬁlms employed in photovoltaic devices are not well known yet 
thus all the aforementioned reasons are so far only specula-
tive. However, our work shows that a carbon nanotube ﬁlm, 
deposited by simple nonvacuum means and with the use of 
which the metal migration issue can be avoided completely, is a 
promising option for hole contact in stable PSCs.
In this work, we have shown that perovskite solar cells 
employing a mixed ion perovskite absorber and a single-walled 
carbon nanotube-based hole-transporting material and hole 
contact are good candidates for durable and efﬁcient photo-
voltaic devices. During the experiment conducted at 60 °C in 
N2 atmosphere and 1 sun equivalent white LED illumination, 
the devices showed only a modest linear efﬁciency loss (slope: 
−0.005% h−1), which led to an estimated lifetime (T80) of 580 h. 
At the same time, the standard PCSs with a Au back contact 
experienced a dramatic and rapid efﬁciency loss; likely due to 
the Au ion migration in the structure.
Experimental Section
SWCNT Synthesis: The SWCNTs were synthesized by a ﬂoating 
catalyst-chemical vapor deposition procedure described in ref. [18]. 
Shortly, ferrocene containing CO:CO2 (99:1 ratio) carrier gas was 
directed into a hot furnace reactor kept at 880 °C. The ferrocene 
decomposed in the temperature gradient between the gas injector and 
the reactor forming catalytic iron nanoparticles, that acted as catalysts 
for the CO:CO2 gas decomposition and SWCNTs started forming on the 
nanoparticles. The formed SWCNTs were collected from the gas phase 
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Figure 2. a) The result of MPP tracking of Au and SWCNT-contacted 
devices at elevated temperatures. b) The temperature of the devices was 
changed from initial 20 to 60 °C after 14 h into the experiment. MPP 
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on a porous ﬁlter membrane at the reactor outlet and the formed ﬁlm 
could be transferred from the ﬁlter paper on the desired substrate.
Fabrication of Perovskite Solar Cells: FTO glass sheets (Nippon Sheet 
Glass 10) were etched with zinc powder and HCl (4 M). Substrates 
were ultrasonically cleaned by a sequential 15 min 2% Hellmanex 
water solution, deionized water, ethanol, and acetone. Substrates were 
treated under UV-ozone for 15 min to remove the last traces of organic 
residues. A 30–50 nm thin compact TiO2 layer was then deposited on 
to the clean preheated substrates by spray pyrolysis from a precursor 
solution of titanium diisopropoxide bis(acetylacetonate) in anhydrous 
ethanol, using oxygen as the carrier gas on a hot plate set to 450 °C, 
followed by annealing at 450 °C, for 30 min in air. A mesoporous TiO2 
layer was deposited by spin coating for 20 s at 4000 rpm with a ramp 
of 2000 rpm, using 30 nm particle paste (Dyesol 30 NR-D) diluted in 
ethanol to achieve a 200 nm layer thickness (150 mg mL−1). After the 
spin coating, the substrates were immediately dried at 100 °C for 10 min 
and then sintered again at 450 °C for 30 min under dry air ﬂow.
Li-doping of mesoporous TiO2[23] was accomplished by spin coating 
a 0.1 M solution of Li-TFSI in acetonitrile at 3000 rpm with a ramp of 
1000 rpm for 10 s, followed by another sintering step at 450 °C for 30 
min. After cooling down to 150 °C, the substrates were immediately 
transferred to a nitrogen atmosphere glove box for depositing the 
perovskite ﬁlms.
The mixed triple-cation lead mixed-halide perovskite solution was 
prepared from a precursor solution made of formamidinium iodide 
(FAI) (1 M, Dyesol), PbI2 (1.1 M, TCl), MABr (0.2 M, Dyesol), and PbBr2 
(0.22 M, TCl) in a 4:1 (V:V) mixture of anhydrous dimethylformamide:d
imethylsulfoxide (DMSO) (Acros). Then, a 1.5 M stock solution of CsI 
(abcr GmbH) in DMSO was added to the above solution in 5:95 volume 
ratio. The mixed ion perovskite solution was deposited through a two-
step spin coating program (10 s at 1000 rpm and 20 s at 6000 rpm). 
During the second step, 200 μL of chlorobenzene was poured on the 
spinning substrate 5 s before the end of the procedure. The substrates 
were then placed on a hotplate for annealing at 100 °C for 1 h in a 
nitrogen ﬁlled glove box.
After the perovskite annealing, the substrates were cooled down for 
a few minutes and a Spiro-OMeTAD (Merck) solution (70 × 10−3 M in 
chlorobenzene) was spin coated at 4000 rpm for 20 s. Spiro-OMeTAD 
was doped with bis(triﬂuoromethylsulphonyl)imide lithium salt (Li-TFSI, 
Sigma-Aldrich), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) 
tris(bis(triﬂuoromethyl-sulphonyl)imide) (FK209, Dyenamo), and 
4-tert-butylpyridine (TBP, Sigma-Aldrich). The molar ratio of additives
for Spiro-OMeTAD was 0.5, 0.03, and 3.3 for Li-TFSI, FK209, and TBP,
respectively.
In the reference “standard” solar cells case, an 80 nm thick gold top 
electrode was deposited on the Spiro-OMeTAD layer as top contact 
electrode by thermal evaporation under high vacuum.
The SWCNT solar cells were prepared by cutting the SWCNT ﬁlm on 
ﬁlter paper to around 5 mm × 10 mm size piece and transferred on the 
perovskite substrate using some pressure, after which the ﬁlter paper 
was peeled off the SWCNT ﬁlm. The SWCNT ﬁlm was “densiﬁed”[18] with 
a small amount of chlorobenzene. After that another SWCNT ﬁlm was 
transferred on the ﬁrst ﬁlm in order to reach lower sheet resistance than 
with the single ﬁlm layer.[16] Finally, 2 × 2 μL drops of Spiro-OMeTAD 
solution were drop cast on the SWCNT ﬁlm.
J–V Measurements: J–V measurements were performed with a 
Newport Solar Simulator, model 91160, equipped with a Keithley 2400 
source meter, and providing a 1000 W m−2 AM 1.5G illumination 
intensity, as measured by means of a certiﬁed reference silicon solar cell 
(Fraunhofer - Institut für Solare Energiesysteme ISE). A slow (10 mV s−1) 
scan speed was used in the initial J–V measurements.
Stability Measurements: Stability measurements were performed 
with a Biologic MPG2 potentiostat under white LED lamp (Lumileds 
LXM3-PW51) with 1 sun equivalent intensity. The devices were masked 
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Figure 3. J–V curves of a) Au and b) SWCNT-contacted devices at the beginning of the experiment at 20 °C, at 60 °C after the temperature increase, 
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(0.16 cm2) and ﬂushed with nitrogen for several hours before the start 
of the experiment in order to remove residual oxygen and water from 
the environment of an in-house developed sample holder. Then, the J–V 
curves of the devices were measured at 100 mV s−1 (high scan speed was 
chosen to maximize the time that the devices spend at MPP) followed 
by MPP tracking routine under continuous illumination (and N2). The 
MPP was updated every 10 s by a standard perturb and observe method 
and continued for 1 h before the procedure was repeated starting with 
measuring the J–V curve again. The temperature of the devices was 
controlled with a Peltier element in direct contact with the ﬁlms. The 
temperature was measured with a surface thermometer located between 
the Peltier element and the ﬁlm. While the initial temperature was set 
to 20 °C, it was changed to 60 °C after 14 h into the experiment without 
disturbing the ongoing data collection. The temperature equilibration 
time was below 1 min. All devices were tested at the same time inside 
one sample holder—hence being exposed to identical environmental 
conditions: temperature, illumination, and atmosphere.
Electron Microscopy Analysis: Scanning electron microscopy (SEM) 
characterization of the device stack was performed with a ZEISS Merlin 
high resolution SEM.
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Migration of cations induces reversible
performance losses over day/night cycling in
perovskite solar cells†
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Perovskites have been demonstrated in solar cells with a power conversion eﬃciency of well above 20%,
which makes them one of the strongest contenders for next generation photovoltaics. While there are no
concerns about their eﬃciency, very little is known about their stability under illumination and load. Ionic
defects and their migration in the perovskite crystal lattice are some of the most alarming sources of
degradation, which can potentially prevent the commercialization of perovskite solar cells (PSCs). In this
work, we provide direct evidence of electric field-induced ionic defect migration and we isolate their eﬀect
on the long-term performance of state-of-the-art devices. Supported by modelling, we demonstrate that
ionic defects, migrating on timescales significantly longer (above 103 s) than what has so far been explored
(from 101 to 102 s), abate the initial eﬃciency by 10–15% after several hours of operation at the maximum
power point. Though these losses are not negligible, we prove that the initial efficiency is fully recovered
when leaving the device in the dark for a comparable amount of time. We verified this behaviour over several
cycles resembling day/night phases, thus probing the stability of PSCs under native working conditions. This
unusual behaviour reveals that research and industrial standards currently in use to assess the performance
and the stability of solar cells need to be adjusted for PSCs. Our work paves the way for much needed new
testing protocols and figures of merit specifically designed for PSCs.
Broader context
Perovskite solar cells have been recently demonstrated as a potential new photovoltaic technology. Better than any previous photovoltaic material, perovskite
combines the advantage of low processing and high power conversion eﬃciency. Furthermore, perovskite solar cells can be used in tandem with market
dominating silicon solar cells to increase their eﬃciency and thus to lower the price of solar energy. While there are no concerns about their eﬃciency, very little
is known about the stability of perovskite solar cells under illumination and load, i.e. under real working conditions. So far, discussion about stability has been
mainly focused on external factors, such as oxygen, water and UV light exposure, which are well-known causes of rapid performance degradation. However,
performance losses occur even ruling out any external source of degradation. This work provides a step improvement in our knowledge of this phenomenon
and it paves the way towards stable perovskite solar cells.
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Introduction
Perovskite solar cells (PSCs) have the potential to become a new
generation of photovoltaics with the shortest energy payback
time and the lowest CO2 emission factor among the existing
technologies.1 In only a few years, unprecedented progress in
preparation procedures and material compositions has delivered
lab-scale devices that have now reached power conversion eﬃci-
encies (PCEs) of up to 22.1%.2 However, this impressive improve-
ment of the PCE has not beenmatched by an equal advancement
in the knowledge of the performance losses under standard
working conditions (illumination and load).3–7
So far, discussion on the stability of PSCs has been mainly
focused on oxygen,8 water5 and UV light exposure9 as causes of
rapid performance degradation in PSCs. These extrinsic factors
have been associated with a number of degradationmechanisms
that can be retarded using the sealing technologies industria-
lised for organic electronics, which provide oxygen and humidity
barriers and protection against UV light.10,11 Conversely,
prolonged exposure to solar cell operational temperatures
(above 50 1C) can cause severe degradation, which cannot be
avoided by sealing the PSCs. These, so called intrinsic losses
have been mostly associated with the degradation of organic
materials and metal contacts within PSCs.3,12,13 Indeed, signi-
ficant progress has been made by replacing the organic com-
ponents with their inorganic counterparts and passivating the
interfaces between the diﬀerent layers composing the device.13–18
Nonetheless, temperature activated formation and migration
of ionic defects within the organic–inorganic ABX3 perovskite
lattice remain potential sources of instability for perovskite
photovoltaics.19–22 Halide anion (X) vacancies have been calcu-
lated to show the lowest formation energies,23 with bromide
vacancies being favoured over iodide.24 Correspondingly,
X vacancies (together with interstitial X) have been shown to
be the most mobile defects, followed by cation A and B
vacancies.25–27 Several studies indicated that, regardless of
particular architectures and constituents within the PSCs,
X defects migrate and reversibly accumulate within the perovskite
lattice in narrow Debye layers at the interfaces with the charge
selective contacts.19,28–34 Depending on voltage and light
bias conditioning, accumulation of ions (and their vacancies)
partially screens the built-in electric field and possibly creates
interfacial electronic trap states, which reduce the charge
extraction efficiency.25,30,31,34–43 Ion migration on timescales
from 101 to 102 s has been widely investigated to explain the
hysteresis of current density–voltage ( J–V) curves.36,37,40,44–48
However, the impact of X and potentially A and/or B defect
formation and migration on PSC performance on timescales
above 103 s, which are indicative of long-term stability, remains
unknown.49 Little experimental evidence exists on this subject
since separating reversible ion migration from any non-
reversible long-term degradation is complex under real device
working conditions, i.e. prolonged exposure to continuous light
and voltage bias.29,39,50–55
In this work, we provide direct evidence of electric field-
induced ionmigration and its eﬀects on the long-term performance
of perovskite solar cells working under diﬀerent loads. By
cooling in situ the active area of working PSCs, we are able to
inhibit thermally induced, non-reversible degradation, thereby
exposing fully reversible performance losses. Within several
hours of operation at the maximum power point (MPP), the
reversible losses decrease a significant fraction of the initial
PCE, which is followed be a period of stabilization. Supported
by modelling and elemental depth profiling, we correlate the
reversible performance losses in PSCs to the migration of ion
vacancies on timescales (above 103 s) that are significantly
longer than those explored so far (from 101 to 102 s). These
unusually slow dynamics reveal that academic and industrial
standards currently in use to assess the performance and
stability of solar cells need to be adjusted for PSCs, which exhibit
phenomena previously unknown to the photovoltaics commu-
nity. Importantly, we show that over natural day/night cycles,
PSCs that reversibly degrade during the day recover overnight to
‘‘start fresh’’ every morning. Our work paves the way towards
developing specific testing protocols, definition of new figures of
merits and calculation of energy payback time that are needed to
characterize PSCs.
Results and discussion
To study the impact of the long-term ion migration on device
performance and stability, we prepared state-of-the-art PSCs, using
the mixed halide–cation perovskite composition CH3NH3/CH(NH2)2
Pb Br/I and the antisolvent deposition method on mesoporous
TiO2 substrates,
56 which enabled the realization of power con-
version efficiencies above 20% (see device characterization in
ESI†). We tracked the maximum power output of 3 identically
prepared devices (device A, B and C in Fig. 1). During the
experiment, the devices were kept under 1 Sun-equivalent white
LED illumination at MPP (around 0.85 V) and under a N2
atmosphere. Devices A and B were continuously tracked for over
100 hours. As previously reported,3,7,13 the maximum power
output traces can be described with a double exponential decay
function showing an initial rapid (I in Fig. 1a) and a subsequent
slower decay regime (II in Fig. 1a).3,7,13 We have previously
shown that the latter (regime II) is due to degradation involving
one or more device components, while the early decay (regime I)
remains unexplained so far and it will be the main object of this
study.3,7 We selected two devices exhibiting very different II
regimes: a rather unstable device A (residual power output
J0 = 25%, Table 1) and device B showing particularly good
stability (residual power output J0 = 84%, Table 1). Since long-
term degradation is a convolution of several mechanisms that
may abruptly impact the performance,57 it is not surprising that
identically prepared devices age differently. However, it is
rather unexpected that they have identical time constants for
the decay regime I (t1 in Table 1). To isolate regime I from the
subsequent degradation (regime II), the maximum power point
tracking (MPPT) for device C was stopped after only 5 hours and
repeated periodically after leaving the device resting in the dark
for a varying number of hours (Fig. 1b). Surprisingly, the initial
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power output at each cycle was similar or even slightly higher to
the previous one, demonstrating that the initial performance
losses are fully reversible (regime I) and are thus separated
from the subsequent permanent degradation (regime II). The
decay traces and exponential fits of devices A, B and C are
summarized in Fig. 1c. The residual power output for device C
at each cycle (dashed line in Fig. 1c, J0 in Table 1) lies between
0.85 and 0.9, similar to what was extracted for the more stable
device B after 100 hours of MPPT. This confirms that the
performance losses in device B are mostly reversible, with a
marginal contribution of permanent degradation. We repeated
this experiment for devices with planar and inverted architec-
tures, varying the electron and hole selective contact materials
(see ESI†), with similar conclusions. While we collected data for
PSCs prepared with mixed halide–cation perovskites, reversible
losses have been observed for a broad range of perovskite
compositions.18,52–54,58 Therefore, we confidently conclude that
reversible losses are intrinsic to the perovskite as a photovoltaic
material and not to specific material composition or device
architecture.
It is worth noting that the characteristic times for the
reversible degradation/recovery are representative of the native
working conditions for solar cells, i.e. day/night cycles. Therefore,
a PSC producing energy during the day will have time to recover
during the night to ‘‘start fresh’’ every morning. This finding has
Fig. 1 Maximum power output tracking for 3 identically prepared perovskite solar cells (device A, B and C) measured under UV-filtered 1 Sun equivalent
light. Devices were continuously kept at the maximum power point using the standard ‘‘perturb and observe’’ method. The eﬃciency of all freshly made
devices was above 20% (see ESI†) and it dropped to around 17–18% after 2–3 weeks, when the stability data were recorded. Data were normalized to the
maximum value, which was usually reached within several minutes of tracking. (a) Devices A and B were continuously tracked for over 100 hours.
(b) Device C was cyclically tracked 4 times for 5 hours and it was left in the dark at open circuit in between the consecutive measurements. (c) Experimental
data were fitted to an exponential decay (single or double) and the fitting parameters are reported in Table 1.
Table 1 Fitting parameters of the exponential decay functions used in
Fig. 1. The device A and B curves were fitted with a double exponential
decay function J = A1 exp(x/t1) + A2 exp(x/t2) + J0, where t is the time
constant, J0 is the residual power output and A is the pre-exponential
factor. The device C curves were fitted with a single exponential decay
function J = A1 exp(x/t1) + J0
t1 (h) J0 (residual power %)
Device A 2.3  0.2 25  1
Device B 2.3  0.2 84  2
Device C, cycle 1 2.1  0.05 90  0.1
Device C, cycle 2 2.0  0.04 87  0.1
Device C, cycle 3 1.9  0.04 85  0.1
Device C, cycle 4 2.0  0.04 88  0.1
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an important practical implication for establishing industrial
benchmarks for ageing and cost/operation time calculations
of PSCs.
Reversible performance degradation as a result of light
soaking has been previously investigated by Bag et al.52 and
Nie et al.54 In both the studies, the authors concluded that the
heat from sunlight is responsible for lattice strain and con-
sequent defect formation. In contrast to the existing literature,
we studied the reversible losses under real device working
conditions, i.e. prolonged exposure to continuous light and
voltage bias around MPP. We postulated that the migration of
ions and ion defects is the cause of reversible losses. In order to
provide direct evidence of ion migration, we deposited a PbI2
layer on top of a CH3NH3PbBr3 perovskite layer in capacitor-like
devices, as represented in the schematic in Fig. 2a. These
devices were heated to 70 1C in a nitrogen atmosphere and one
of the pixels was cyclically biased at +2 and2 V every 30 minutes
(leakage current remained below 1 mA cm2). After 16 hours,
we found that the biased pixel had changed its colour to black,
while the unbiased pixel (also kept at 70 1C) remained yellow,
as clearly visible in Fig. 2b. Notably, the colouring of the biased
pixel accurately follows the overlap between the top (gold) and the
bottom (FTO) electrodes. This suggests that, in response to the
electric field, ions migrate between the yellow CH3NH3PbBr3
and PbI2 layers to form the black CH3NH3PbIxBr(3x) perovskite.
We made use of time of flight secondary ion mass spectrometry
(ToF-SIMS) to measure the eﬀective elemental changes within
the layers.59 From the I2
 and Br2
 elemental depth profiles
shown in Fig. 2c and d, we found that the iodine and bromine
distributions are significantly changed in the biased pixel com-
pared to the control one. In particular, we observe strong halide
mixing, which results in the formation of black CH3NH3PbIxBr(3x).
This constitutes strong direct evidence that halides can indeed
migrate within the perovskite driven by an electric field and not due
to thermal activation or electric current.52,60–62
We also analysed the ToF-SIMS depth profiles looking for an
indication of organic cation diﬀusion (by tracing CN signal).
Unfortunately, the depth profiles did not qualitatively correspond
to the expected CN distribution in the control sample (see figure
in ESI†) and hence we deemed the analysis inconclusive (we also
found a large amount of organic contamination on the surface
of the sample). Additionally, we performed energy-dispersive
X-ray (EDX) spectroscopy on the cross-section of the same device
(see figure in ESI†). However, again we could not conclude whether
the cations are mobile, largely due to the fact that the technique is
not suited for tracing lightweight elements constituting CH3NH3
+
Fig. 2 (a) Schematics of the sample prepared for the biasing experiment, consisting of two electronically-separated pixels on the same substrate. Both
pixels were heated to 70 1C in a N2 atmosphere. Only one pixel was cyclically biased at +2 and 2 V every 30 minutes for 16 hours (biased pixel). (b) Top
view image of the sample after biasing (scale in millimetre). Time of flight secondary ion mass spectrometry (ToF-SIMS) depth profiles of the control (c) and
biased (d) pixels showing the relative secondary ion intensity of iodine and bromine clusters across the film depth. The SnO signals coming from the fluorine
doped SnO2 (FTO glass) are used as a reference, to which all traces in the respective graph are normalized.
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ions (the fact that the devices had to be coated with C prior to the
analysis, made the analysis evenmore challenging). Given that it is
not trivial to provide direct evidence of organic cation migration,
we made use of electric measurements supported by modelling
to prove it indirectly.
We used intensity modulated photocurrent spectroscopy
(IMPS) to monitor ion migration during device operation at the
voltages highlighted in the J–V curve in the inset in Fig. 3a.63 The
photocurrent was allowed to settle at each voltage for 300 s before
the frequency scan. Fig. 3a shows the imaginary component
of the IMPS frequency spectra. The traces show two features in
the high frequency region, which we assign to the resonant
frequencies of the charge dynamics within the perovskite layer
(above 105 Hz) and the electron/hole charge selective materials
(between 104 and 105 Hz).64 The spectra are similar in this
region, which suggests that charge transport is not significantly
affected by the voltage applied. An additional feature at around
102 Hz is clearly visible in the low frequency region. We have
previously associated the 101–103 Hz (or 103–10 s) resonant
frequency window with the ion defect migration within the
perovskite crystal lattice.64,65 The migration and accumulation of
ionic defects at the interfaces with the charge selective contacts
result in the formation of two narrow Debye layers (DLs).34 The
qualitative relation between the DL capacitance and the applied
voltage was recently derived from the drift diffusion model
proposed by Richardson et al.34 Different from the previous
report, here we are taking into account processes occurring on
both the relatively short timescale of the spectroscopic oscilla-
tions (103–10 s) and on the longer settling time (300 s) before
the start of the frequency scan (Fig. 3b, see the ESI† for more
details). Based on the calculations of activation energies for
migration of different ionic defects in CH3NH3PbI3, negatively-
charged cation vacancies show significantly lower mobility than
positively-charged halide vacancies.20,25,26,66–68 Given that cation
vacancies are slower than the halide ones, three different
scenarios are possible: (I) only halide vacancies are mobile on
both spectroscopic (103–10 s) and settling (300 s) timescales,
while all the other defects remain effectively frozen; (II) cation
vacancies are sufficiently mobile to equilibrate within the DLs
during the settling time, but they are effectively immobile on
the spectroscopic timescale; and (III) both halide and cation
vacancies are sufficiently mobile to equilibrate within the DLs
on the spectroscopic timescale. We found that the experimental
trend in Fig. 3a was best reproduced by the model that accounts
for halide vacancy migration, but does not directly account for
the slowly moving cation vacancies even on the 300 s settling
timescale. This observation suggests that if cation vacancies are
effectively mobile, they should migrate over a timescale of hours.
To provide evidence that cation vacancies are eﬀectively mobile
we measured the current transient dynamics at short circuit after
preconditioning the device at either forward (0.85 V) or reverse
(0.3 V) bias (Fig. 4a). Under each biasing condition, we waited
for the current to stabilize for about 20 minutes at 20 1C, before
cooling the device to 20 1C and switching it abruptly to short
circuit conditions. By cooling down the device, we aimed to retard
ion migration and capture the transient dynamics resulting from
the initial non-equilibrium ion distribution. Following forward
bias preconditioning, the short circuit current ( Jsc) rapidly
decreased from over 23 mA cm2 towards a value of around
14 mA cm2. In contrast, subsequent to preconditioning at reverse
bias, Jsc increases from 4 mA cm
2 to around 13 mA cm2.
Notably, in these two experiments Jsc does not relax to the same
value over the 100 s over which the transient is measured; there
is a secondary slow timescale process which we attribute to
the slow motion of cation vacancies. In order to back up this
assertion, we calculate the short circuit current based on (I) a
model of the perovskite layer in which only halide vacancies are
mobile (Fig. 4b, left-hand panel) and (II) a model in which both
halide and cation vacancies are mobile (Fig. 4b, right-hand
panel) but where cation vacancies move 100 times more slowly
than halide vacancies (see the ESI† for further details). It can be
seen from Fig. 4 that while the model with immobile cation
Fig. 3 (a) Imaginary component frequency spectra of the current response
to the light modulated (10% of the stationary value) B1 Sun equivalent
intensity under diﬀerent applied voltage biases. Data were normalized to the
maximum value corresponding to the peak between 10 and 100 kHz. The
inset shows the J–V curve recorded for the same devices at 100 mV s1
scan rate. (b) Model calculation of the capacitance per unit surface area at
the edge of the perovskite layer as a function of the forward applied voltage
bias, assuming the negative defects (cation vacancies) as non-mobile, slow
or fast, compared to the timescale of the spectroscopic oscillations in the
low frequency region (101–103 Hz).
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vacancies is able to qualitatively predict the initial part of the
transients, it fails to capture the slow timescale decay. However,
the inclusion of slow moving cation vacancies into the model
(Fig. 4b, right-hand panel) gives a picture closer to the reality
(Fig. 4a) in which there is an initial rapid transient, over tens of
seconds, followed by a much longer timescale decay.
In order to investigate the conjecture that the reversible
decay in eﬃciency shown in Fig. 1 (which occurs over a time-
scale of around 1 hour) is due to the slow motion of cation
vacancies, we simulate the current produced by the device as
the light is switched on and oﬀ a number of times; the results
are shown in Fig. 4c and qualitatively reproduce the behaviour
seen in Fig. 1c for device C (plotted in red circles). We conclude,
by remarking, that slow cation vacancy motion thus provides a
theory that is capable of explaining both the slow timescale
decay in transient short circuit current measurements (Fig. 4a)
and the reversible decay in eﬃciency observed in PSCs after
prolonged exposure to light (Fig. 1c).
To summarize, we have observed that PSCs degrade reversibly
on the timescale of hours regardless of the device architecture. We
have also proven that both halide and cation vacancies are mobile
(albeit the latter are considerably slower than the former) and
their distribution in the perovskite layer can considerably aﬀect
charge extraction and, in consequence, the PCE of the device.
Fig. 5 shows a simplistic schematic to condense the results of the
experiments and model calculations discussed here. The images
represent the halide lattice within the perovskite with ionic
vacancies. The initial condition (a) describes a stoichiometric
amount of anion and cation vacancies, which are randomly
distributed in the perovskite lattice as proposed by Walsh
et al.69 (b) Up to 102 s (i.e.minutes) after the device was exposed
to light and switched to MPP, halide vacancies migrate to form
a Debye layer at the interface with hole selective contact, leaving
the relatively immobile cation vacancies behind. (c) For time-
scales longer than 103 s (i.e. hours), cation vacancies form an
additional Debye layer at the interface with the electron selec-
tive contact, which in turn inhibits charge extraction from the
device. Hence we come back to the original experiment shown
in Fig. 1. When PSCs are exposed to real operating conditions,
slow cation migration is responsible for the reversible losses in
the device on the timescale of hours. However, when the device
is given several hours to recover in the dark, the ionic distri-
bution returns to the initial state and the device appears to be
‘‘fresh’’. The strong asymmetry in the activation energy for
migration of halide and cation vacancies implies that stabilization
times on the order of hours (not minutes as widely believed) are
required for PSCs to reach true steady-state working conditions.
This implies that traditional solar cell characterization methods,
Fig. 4 (a) Current transient dynamics collected from the same device pre-condition for about 20 minutes under forward (0.85 V) or reverse (0.3 V) bias
and cooled to 20 1C before to abruptly switch to short circuit conditions. (b) Modelled current transient dynamics as predicted by the evolution of the
potential (left panel – considering only halide vacancymigration, and right panel – considering fast halide and slow cation vacancymigration). (c) Themodelled
maximum power conversion efficiency (with fast halide and slow cation vacancy migration) over 4 cycles of light and dark shows similar (non-quantitative)
reversible performance losses to the experiment in Fig. 1.
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such as measurements of standard J–V curves and incident
photon to current efficiency (IPCE) spectra, are usually performed
on non-stabilized devices. We propose the maximum power point
tracking for several hours as the most reliable method to deter-
mine the initial efficiency and the stability of PSCs.
Conclusions
In this work, we investigated the impact of the ionic defect
migration on the performance and stability of state-of-the-art
perovskite solar cells (PSCs). We provide direct evidence of
halide migration within the perovskite as a result of the applied
electric field. In line with previous reports, we found that halide
vacancies migrate and accumulate at the interface with the hole
selective contact on timescales between 101 and 102 s. The
accumulation of interfacial halide vacancies increases as the
applied voltage moves from forward to reverse bias, which
results in the occurrence of the well-known hysteresis in the
current density–voltage curves of PSCs. In addition to what has
been explored previously, we propose that cation vacancies
migrating on significantly longer timescales (above 103 s) than
halide vacancies play a key role in the long-term performance
of PSCs. We show that the accumulation of cation vacancies at
the electron contact induces reversible performance losses that
abate the initial efficiency of state-of-the-art PSCs by about
10–15% over several hours of operation at the maximum power
point. Although these losses are not negligible, the initial
efficiency is fully recovered when leaving the device in the dark
for a comparable amount of time. We verified this behaviour
for devices with different architectures over several cycles
resembling day/night phases. We show that PSCs recover their
initial efficiency during the night and deliver, every morning,
the same efficiency as freshly made devices. This unusual
behaviour reveals that research and industry standards currently
in use to assess the performance and the stability of solar cells
need to be reconsidered for PSCs. Our work provides indications
for the much needed new testing protocols and figures of merits
specifically designed for PSCs.
Methods section
General methods
All the chemicals were purchased from commercial sources and
used without further purification. All the solvents were anhydrous
and high purity grade.
Solar cells fabrication
Devices were fabricated on fluorine doped tin oxide (FTO)
coated glass substrates. The substrates were cleaned sequen-
tially with Hellmanex in an ultrasonic bath for 30 min, then
washed with acetone and isopropanol, and finally cleaned with
oxygen plasma for 5 min. An about 30 nm TiO2 compact layer
was deposited on about 150 cm2 of FTO via spray pyrolysis
at 450 1C from a precursor solution prepared with 0.4 mL of
acetyl acetone (Aldrich), 0.6 mL of titanium diisopropoxide
bis(acetylacetonate) solution (Aldrich, 75% in 2-propanol) and
9 mL of ethanol. After spraying, the substrates were left at
450 1C for 5 min, then they were slowly cooled down to room
temperature. A mesoporous TiO2 layer was deposited by spin
coating for 10 s at 4000 rpm with a ramp of 2000 rpm s1, using
30 nm particle paste (18NR-T Dyesol) diluted in ethanol to
achieve about 150 nm thick layer. After spin coating, the sub-
strate was immediately dried at 100 1C for 10 min and then
sintered again at 500 1C for 30 min under dry air flow. Mesoporous
TiO2 was doped with lithium by spin coating a 0.1 M solution of
Li-TFSI in acetonitrile at 3000 rpm for 30 s. After spin coating,
the substrate was dried at 100 1C for 10 min and then sintered
again at 500 1C for 30 min, under dry air flow. To minimize
water absorption from the atmosphere, after cooling down to
150 1C the substrates were immediately transferred to a nitrogen
filled glove box and then kept for further cooling down to room
temperature.
Fig. 5 Schematics of the evolution of the ion distribution within the perovskite layer sandwiched between the electron and hole selective contacts
under solar cell working conditions: (a) initial conditions, (b) non-stabilized conditions on the timescale of minutes and (c) the stabilized condition on the
timescale of hours.
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The perovskite films were deposited from a precursor solution
containing formamidinium iodide (1 M), lead iodide (1.1 M),
methylammonium bromide (0.2 M) and lead bromide (0.2 M) in a
mixture of anhydrous dimethylformamide : dimethylsulfoxide
4 : 1 (v : v). The perovskite solution was spin coated using a two-
step program at 1000 and 4000 rpm for 10 and 30 s, respectively.
During the second step, 100 mL of chlorobenzene was poured on
the spinning substrate 15 s prior to the end of the program. The
substrates were then annealed at 100 1C for 1 hour in a nitrogen
filled glove box.
After perovskite annealing the substrates were cooled down
for 1 minute and a spirofluorene linked methoxy triphenylamine
(spiro-OMeTAD, from Merck) solution was spun at 4000 rpm for
20 s. The spiro-OMeTAD solution was prepared in chlorobenzene
at a concentration of 70 mM, and doped with 50 mol% of
bis(trifluoromethanesulfonyl)imide (Li-TFSI, Aldrich) from a
stock solution of 1.8 M Li-TFSI in acetonitrile, 330 mol% of
tert-butylpyridine (Aldrich) and 3 mol% of Tris(2-(1H-pyrazol-1-yl)-
4-tert-butylpyridine)-cobalt(III) Tris(bis(trifluoromethylsulfonyl)-
imide) (Co-complex, Dyesol) from a 0.25 M stock solution of
Co-complex in acetonitrile. Finally, 80 nm of gold was deposited
by thermal evaporation under high vacuum, using shadow
masking to pattern the electrodes.
Solar cell characterisation
The solar cells were measured using a 450 W xenon light source
(Oriel). The spectral mismatch between AM1.5G and the simu-
lated illumination was reduced by the use of a Schott K113
Tempax filter (Pra¨zisions Glas & Optik GmbH). The light inten-
sity was recorded using a Si photodiode equipped with an
IR-cutoﬀ filter (KG3, Schott) before each measurement. Current
density–voltage ( J–V) characteristics of the cells were obtained
by applying an external voltage bias while measuring the
current response using a digital source meter (Keithley 2400).
The cells were masked with a black metal mask (0.16 cm2) to
estimate the active area and reduce the influence of scattered
light. The devices were stored in dry air and under dark con-
ditions, and they were characterized two days after perovskite
film deposition.
The solar cell current transient dynamics (potentiostatic)
and the maximum power point tracking data were measured
under 1 Sun equivalent white LED illumination using an SP300
biologic potentiostat. Maximum point tracking was done using
a home-developed program, which would keep the devices at
the maximum power point by creeping oscillation in voltage
and which would measure a full J–V curve every 60 minutes.
The devices were placed inside an in-house-developed airtight
sample holder, which allowed them to be kept under an inert,
nitrogen atmosphere. Additionally, the backside metal electrode
of the devices was placed against a Peltier element, which with
the use of a PID controller would keep the actual temperature
of the device at 20 1C regardless of the illumination or ambient
temperature.
Intensity modulated photocurrent spectroscopy was performed
using Autolab PGSTAT302N according to the procedures reported
previously.65
Time of flight secondary ion mass spectrometry (ToF-SIMS)
Samples were prepared with the following configuration: on top
of patterned FTO glass, 10 nm of a compact Al2O3 layer was
deposited. Subsequently, a 500 nm layer of CH3PbBr3 was
deposited by spin-coating and a 200 nm-thick layer of PbI2
was thermally evaporated. Finally, a 50 nm layer of MoO3 and
the Au electrode were thermally evaporated. Two electronically
separated devices (pixels) were fabricated on each substrate.
Both pixels were heated to 70 1C under nitrogen atmosphere
and ambient light conditions. One pixel was cycling biased
(2 V with 1 hour period) for 16 hours. During biasing the
currents flowing through the pixel remained below 1 mA cm2.
ToF-SIMS was performed on biased and control pixels according
to the method previously reported.13
Drift diﬀusion simulations
The complete drift diﬀusionmodel was published by Richardson
et al. elsewhere.34 The details of the calculation are reported in
the ESI.†
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?? Equivalent? circuit? representation? of? the?PSC? based
on drift diﬀusion modelling
The purpose of this section is to predict the capacitance of the perovskite layer in a PSC,
based on three diﬀerent hypotheses for ion vacancy motion, and to use the results to com-
pare to experimentally generated spectroscopy data. This comparison will, in turn, allow
a comparison of hypotheses for ion vacancy motion. Based on DFT calculations [3] it is
usually assumed that the most mobile vacancy species in the perovskite methylammonium-
lead-trihalide are the positively charged halide vacancies and it is suspected that the motion
of negatively charged methylammonium vacancies, though considerably less mobile than the
halides, may still inﬂuence processes occurring on timescales of the order of 1s-10000s. In
Richardson et al. [5] drift-diﬀusion models of vacancy motion are used to show that charge
resides in narrow Debye layers, of the width around 2nm, at the edge of the perovskite
layer and that away from these layers, in the perovskite bulk, there is almost exact charge
neutrality with a balance between positive and negative vacancies. Charge neutrality in
the perovskite bulk means that, with the exception of the Debye layers, the electric ﬁeld is
uniform (but may vary in time) throughout the perovskite. Signiﬁcant charge densities in
the Debye layers (caused by disparities in the concentrations of positive and negative ion
vacancies) lead to rapid changes in the electric potential within these narrow regions and
corresponding potential drops from one side of the Debye layer to the other. The behaviour
of the device is thus almost entirely controlled by ion vacancy motion into and out of the
Debye Layers.
If the mobile ion vacancies can redistribute themselves within the Debye layers more
rapidly than changes occur to the external conditions (e.g. the applied potential) then, to a
good approximation, the behaviour of the Debye layer can be characterised by a nonlinear
capacitance relation [5], of the form Q = Qdl(Vdl), which relates the charge Q stored in the
layer to the potential drop Vdl across it: deﬁned as the potential in the perovskite, just inside
the Debye layer, minus the potential in the adjacent blocking layer. Denoting the potential
drop across the Debye layer at the interface with the electron transport layer (ETL) as V−
and that across the Debye layer at the interface with the hole transport layer (HTL) as V+
we see that the total potential drop across the two capacitances is V+ −V−. If the charge in
HTL Debye layer is deﬁned as Q then charge conservation implies the charge stored in the
ETL Debye layer is −Q. In order to determine the capacitance of the entire perovskite layer
we need to consider the capacitance of both Debye layers in series. It follows that
Q = Qdl(V+), and −Q = Qdl(V−)
By deﬁning the inverse of the function Qdl(V) as Vdl(Q) it is possible to see that the total
potential drop across both Debye layers Vc = V+ − V− is





The electrical behaviour of the cell can be described by the equivalent circuit shown in
ﬁgure 1. Here the lower branch of the circuit (in red) provides the description of the vacancy
motion within the perovskite and consists of a nonlinear capacitor (accounting for charge
accumulation within both Debye layers) in series with a linear resistor which accounts for
the resistance to vacancy motion within the perovskite.
Diﬀerent capacitance relations are obtained depending on the assumptions made about
the vacancy mobilities. At one extreme the assumption made in Richardson et al. [5] (which
we term hypothesis (a)) is that, on the timescales of concern, the negatively charged methy-
lammonium ions are completely immobile while the positively charged halide vacancies redis-
tribute quickly within the narrow Debye layers into quasi-equilibrium conﬁgurations. These
assumptions are backed up by the estimates of Eames et al. [3] for the activation energies
required to move vacancies from one site on the perovskite crystal to an adjacent one (which
suggest a much higher mobility for halide vacancies than for methylammonium vacancies).








eVdl/VT − 1− Vdl
VT
)]1/2
, Hypothesis (a) (2)
where Vdl is the potential drop across the Debye layer, ε the permittivity of the perovskite,
VT the thermal voltage, A the area of the cell and Ld the Debye length. In order to determine
the capacitance of both Debye layers in series this relation is inverted to obtain Vdl(Q) which
in turn is substituted into the relation (1) to obtain the total potential drop across both
Debye layers Vc as a function of the charge Q stored in them.
At the other extreme is the hypothesis that both sets of vacancies are suﬃciently mobile
so that they can redistribute quickly in the Debye layers into quasi-equilibrium conﬁgurations
(which we term hypothesis (c)). This leads to a capacitance relation (as shown, for example,










, Hypothesis (c). (3)
Once? again? the? total? potential? drop? across? both?Debye? layers? Vc? can? be? determined? as? a?
function?of?the?stored?charge?Q?by?inverting?this?relation?(to?obtain?Vdl(Q))?and?substituting?
into?(1).
The? spectroscopy? experiments? conducted? in? this? work? require? that? both? the? external?
illumination? and? the? applied? voltage? are? changed? to? their? base? values? and? then? left? for? a?
period?of?300s,? in?order? to?allow? the?vacancy?distributions? time? to? settle? to?an? equilibrium?
within? the? PSC? (it? is? somewhat? doubtful?whether? 300s? is? suﬃcient? to? allow? both? sets? of?
vacancy? distributions? to? fully? equilibriate).? After? this? settling? period? a? small? oscillatory?
oscillation? to? the? illumination? is? applied,? with? frequency? in? the? range? 10-105Hz,? and? the?


















Figure 1: (a) The full nonlinear equivalent circuit (with nonlinear capacitor). (b) The linear
equivalent circuit used to calculate the response to the addition of a small perturbation
isrc(t) to the photovoltaic generated current. Potential drops across various segments of the
circuits shown by dashed lines with arrows.
of 300s and the spectrascopic timescale of less than 0.1s. This disparity in the experimental
timescales leads us to pose an alternative vacancy motion hypothesis that may be appropriate
to the spectrascopic experiments (we term this hypothesis (b)) and which is intermediate
between hypotheses (a) and (c). In this scenario it is assumed that both vacancy species
(halide and methylammonium) are suﬃciently mobile so that they equilibriate within the
Debye layers within the 300s settling period, but that on the much shorter spectrascopic
timescale the methylammonium vacancies are eﬀectively immobile (being frozen into the
conﬁguration obtained after the 300s settling period) while the more mobile halide vacancies
are still mobile enough to equilibriate within the Debye layers, even on this short timescale.
This hypothesis leads to the following linear capacitance relation relating the charge Q stored





Vc, Hypothesis (b). (4)
In ﬁgure 2(c) (main text) the total capacitance of both Debye layers, as deﬁned by
C(Q) = 1/V ′c(Q), is plotted for all three hypotheses as a function of V the potential drop
across the cell at steady-state (here Vc, the total potential drop across both layers, is equal
to the total drop across the cell so that Vc = Vbi − V ). Notably hypothesis (a) gives a
capacitance that increases with V while hypothesis (c) gives one that sharply decays with
increases in V .






voltage Vap and only after the experiment has been running for 300s is a small oscillatory
perturbation to this light source applied. The aim of the following discussion is to predict
the small oscillatory response of the current I produced by the device in response to the
perturbation of the light source as a function both of the applied voltage Vap and of the
frequency ω of the perturbation. In order to do this we ﬁrst consider the response of the
device to the initial steady illumination source before linearising about this base state to
derive a set of linear equations that can be used to analyse the response of the device to the
oscillatory perturbation in light intensity.
A nonlinear equivalent circuit model for the PSC. An equivalent circuit description
of the device, which is based on the asymptotic solution of a charge transport model for
ion vacancy motion and electron and hole transport within a PSC given in [5], is shown
in ﬁgure 1(a). In this description there are three components in parallel (i) the current
source arising from photovoltaic generation, (ii) a diode that models recombination between
electron and holes within the device and (iii) two nonlinear capacitors in series with a resistor
that represent the ﬂow of ion vacancies through the perovskite layer and in (and out of) the
Debye layers on its edge.1 The resistor in series with these three components can be assigned
to the resistance of the contacts and the blocking layers. The total current I ﬂowing through
the circuit is thus the the sum of the currents ﬂowing through the 3 components in parallel
I = Isrc + Id + Iion, (5)
where Isrc(t) is the current source (a known quantity), Id the current ﬂowing thorough the
diode and Iion that ﬂowing through the nonlinear capacitors and resistor in series. We
characterise the two nonlinear capacitors in series by a single capacitance relation, as in
(2)-(4) above, of the form
Q = Q(Vc) or equivalently by its inverse Vc = V(Q). (6)
Here Q is the charge stored on the capacitors and Vc = Vp−IionRi is the total potential drop
across the capacitors (in ﬁgure 1(a) a single capacitor with the properties of both capacitors
in series is shown). On denoting the potential drop across the components in parallel by Vp
we obtain the following current voltage relations between Iion and Vp:






















where here VT is the thermal voltage, I0 is the reverse saturation current and N the ideality
factor of the diode. Finally we sum the potential drop across the series resistor (resistance
Rs) and that across the components in parallel and equate this to the total potential drop
across the device Vbi − V to obtain
Vp + IRs = Vbi − V, (10)
where here Vbi is the built in voltage and V the applied potential (this terminology follows
the convention in [5]). Equations (5)-(10) comprise ﬁve equations for the ﬁve unknowns Vp,
Iion, Id, I and Q (here Isrc and V are speciﬁed).
The steady-state. We start by looking for a steady solution to the equivalent circuit
model (which we denote by a tilde) for the situation when both the voltage V and the
photovoltaic generated current Isrc are held constant before linearising about this steady
solution in order to model the situation in which there is a small sinusoidal perturbation is
added to the photovoltaic generation term. At steady state the ionic current ﬂow through
the lower branch of the circuit is zero
I˜ion ≡ 0. (11)
The potential diﬀerence across the components in parallel V˜p, and across the capacitor V˜c,
can be determined from (10) and (11), and are given by
V˜p(I˜) = Vbi − V − I˜Rs, V˜c = V˜p. (12)
It follows, from (5) and (9), that the steady-state current I˜ is determined by the solution to
the following equation









The steady state charge on the capacitor Q˜, obtained from the capacitance relation (6), is
Q˜ = Q(V˜p(I˜)). (14)
Linearising about the steady-state for small perturbations to the photovoltaic
generation. Linearising the governing equations (5)-(10) about the steady-state solution
leads to simpliﬁed equations for the perturbation induced by a small oscillation isrc(t) to the
photovoltaic generation term of the form
Isrc = I˜src + isrc(t). (15)
?????????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????
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+ id, Iion = iion, I = I˜ + ι,
Q = Q(V˜p(I˜)) + q, Vp = V˜p(I˜) + vp,
where the quantities id, iion, q, vp and ι (all denoted by small letters) are small perturbations
to the steady solution induced by isrc(t). Substituting (16) into the equivalent circuit model
(5)-(10) and linearising about the steady solution leads to the model











This model is equivalent to the linear equivalent circuit depicted in ﬁgure 1(b). Here the
linear resistance Rd and the linear capacitance C are both functions of the steady state
potential across the components in parallel V˜p(I˜) = Vbi − V − I˜Rs and are deﬁned by





, C(V˜p(I˜)) = Q′(V˜p(I˜)). (18)
where Q′(·) is the derivative of the function Q(·).
1.2 Solution of the linear model for sinusoidal perturbations to
the photovoltaic generation
In order to mimic the light intensity modulated spectroscopy experiments carried out in the
experimental part of this work we seek a solution to the linear equations (16)-(17) in which
the perturbation to the photovoltaic generation is sinusoidal with the form
isrc(t) = i0 exp(iωt).
Substituting this forcing term into (16)-(17) and solving leads to the solution
iion = −i0M(ω, V ) exp(iωt), vp = −i0 RsRd
Rs +Rd
(1−M(ω, V )) exp(iωt), (19)
id = −i0 Rs
Rs +Rd




M(ω, V ) =
(Ri +Ref )Refω2C2
1 + (Ri +Ref )2 ω2C2
+ i
RefωC




where the capacitance C and the eﬀective resistance Ref , as deﬁned by
Ref (V˜p) = RsRd(V˜p)
Rs +Rd(V˜p)
, (22)
are both functions of V˜p = Vbi − V − I˜(V )Rs, and thus of V .
The key part of the solution requited to compare to the experimental results (plotted in
ﬁgure 2(b)) is the imaginary part of ι exp(−iωt), which on using (20b), can be written





1 + (Ri +Ref )2 ω2C2
. (23)
This function has
a maximum modulus of
i0R2ef
2Rs (Ri +Ref ) for ω =
1
C (Ri +Ref ) . (24)
The?maximum?of?the?imaginary?part?of?the?perturbation?to?the?current?only?depends?on?the?
applied?voltage?V? through?Ref?,?via?(12),?(18)?and?(22).? It? is?clear?that?as?V? increases? from?
zero? to? the?built? in?voltage?Vbi? so? the? linear? resistance?of? the?diode?Rd? decreases?extremely?
rapidly? (as?expected).? Typically? the? linear? resistance?of? the?diode? is?very? large?near? short-
circuit?(V? =?0)?but?become?comparable?with?the?series?resistance?Rs? near?open-circuit?(close?
to?V? =?Vbi).? Thus? for?suﬃciently?small?V? the?eﬀective?resistance?Ref? ≈?Rs? since?Rd??Rs.?
As?V? increases?there? is?then?a?small?region?of?voltage? in?which?Rd? is?comparable?to?Rs? and?
then? for? larger? applied? voltages? (where?Rd??Rs)? the? eﬀective? resistance? is? approximated?
by?Ref? ≈?Rd.? The? function?Ref?(V?)? is? thus?a? smoothed?oﬀ? step? function?which? transitions?




close? to?V?=?Vbi,? is?about?a? factor?of?10? smaller?which?could?be?explained?by?a?considerably?
smaller?value?of?Ref?at? this?higher?voltage.?According? to? this? theory? the?dependence?of? the?
experimental? results? on? the? capacitance? of? the?Debye? layers?C,? as? the? applied?voltage?V? is?
changed,?is?reﬂected?only?through?the?position?of?the?maximum?as?a?function?of?frequency?ω.
In?ﬁgure??(?)?of?the?main?paper?it?can?be?seen?that?for?the?lower?applied?voltages?(V?=?−0.2,?
0.2,? 0.7? Volts)? the? position? of? this? maximum? changes? little? but? for? V? =? 0.9? Volts? it? is?







Model Poisson drift-diffusion equations
The model cell is made up of a n-type layer in x < −1, a perovskite layer in −1 < x < 1 and a p-type
layer in x > 1. The central assumptions used in the model will be: (i) that the blocking layers are sufﬁciently
highly doped that their Fermi levels are ﬂat (this justiﬁes the use of Ohmic boundary conditions on th hole
density at x = 1 and electron density at x = −1), and; (ii) that the electric ﬁeld/potential is determined by
the solely by the ion distribution and not the electrons/holes (this justiﬁed by the observation that there are
orders of magnitude more ions than electronic charge carriers).
The ion problem: The equations that determine the distribution of positively charged defects (e.g. halide




















where, N0 is the (ﬁxed) density of the immobile negative vacancies (e.g. cation vacancies), λ is a small (di-
mensionless) parameter whih we term the normalised Debye length and D0 is the (dimensionless) diffusivity
of negative defects.
Suitable boundary and initial conditions specify zero ﬂux of positive defects at each boundary of the
perovskite layer, a speciﬁed change in potential across the perovskite layer and that the initial density of












φ|x=−1 = (Vbi − V )/2, (4)
φ|x=+1 = −(Vbi − V )/2, (5)
P |t=0 = N0. (6)
Here, Vbi and V are the built-in and applied voltages respectively, and (roughly speaking) 0 < V < Vbi
corresponds to the power-generating regime.
The electronic problem: Once the ion problem, (1)-(6), has been solved we then determine the electronic
current by solving the following system for the electron, n, and hole concentrations, p. The electric potential
is, for the purposes of the solution of this system, taken to be a known function that was determined previously
by solving the ionic problem. Since we are primarily interested in the dynamics on the timescale of ionic
motion (much longer than the timescale for electron and hole motion), it is sufﬁcient to solve only for the

















+G(x)−R(n, p,N, P ) = 0, (8)
?????????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????
???
whereD+ andD− are the (dimensionless) diffusivitities of holes and electrons respectively,R(n, p, P ) is the
recombaintion rate (which we will specify later), and G(x) is the photo-generation rate. Suitable boundary
conditions are Ohmic conditions on n and p at x = −1 and x = 1 respectively, accompanied by no ﬂux
conditions on n and p at x1 and x = −1 respectively:












































nN .? It? is?worth?noting? that?qualitatively?similar?solutions?are?obtained? for?any? recombination? rate?has? the?
form?R(n,?p,?N,?P?)?=? γˆ1R1(n,?p)?+?γˆ2nN ,?where?R1? could?he?Shockley-Reid-Hall,?bimolecular,?or?direct?
recombination?rates.
Computations:? Solutions?of?the?model?equations?were?obtained?using?the?chebfun?software.?More?details?
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 1.  Introduction 
 Solution-processable organic–inorganic lead halide perovskites 
with the formula CH 3 NH 3 PbX 3 (where X is Cl, Br, or I) have 
attracted signiﬁ cant attention as new optoelectronic materials 
for photovoltaics, [ 1–8 ] photodetectors, [ 9–19 ] phototransistors, [ 13,20 ] 
light emitting diodes (LEDs), [ 21 ] and lasers. [ 22,23 ] 
 The perovskite materials were shown to possess favorable 
properties for photovoltaic applications, [ 24 ] and electrical power 
 Working Principles of Perovskite Photodetectors: Analyzing 
the Interplay Between Photoconductivity and Voltage-
Driven Energy-Level Alignment 
 Konrad  Domanski ,  Wolfgang  Tress , *  Thomas  Moehl , *  Michael  Saliba , 
 Mohammad Khaja  Nazeeruddin ,  and  Michael  Grätzel 
 Organic–inorganic lead halide perovskites have recently received signiﬁ cant 
attention as active materials for high-performance photovoltaics and photo-
detectors. However, the understanding of their operation mechanism remains 
limited. High-gain, low-voltage CH 3 NH 3 PbI 3 photodetectors in various 
architectures are demonstrated herein. Photomultiplication in all structures 
with direct contact of ﬂ uorine-doped tin oxide (FTO) and perovskite with the 
highest responsivity 208 A W −1 corresponding to an incident photon-to-
current efﬁ ciency of 47 000% is observed. Studying the dynamics and temper-
ature dependence, a slow process with an activation energy of 420 ± 90 meV 
in the time scale of seconds is found, which is essential to photocurrent 
multiplication. A model based on ion migration to explain the observed tran-
sients and the photomultiplication is developed. The accumulation of nega-
tive ionic charge at the FTO/perovskite interface under reverse bias lowers 
the FTO work function allowing for direct hole injection into the perovskite 
valence band. Under illumination, the conductivity of perovskite is increased 
and the device behaves similar to a photoconductor. 
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conversion efﬁ ciencies of 20.1% have 
been achieved within only ﬁ ve years of 
development. [ 25 ] Recently, it has been 
demonstrated that organic–inorganic lead 
halide perovskites are also suitable candi-
dates for high-performance photodetec-
tors. [ 11,26 ] Photodetectors, which convert 
incident optical signals to electrical sig-
nals, are key components for optical com-
munication, photography, environmental 
sensing, medical analysis, astronomy, 
and safety equipment. [ 27 ] An important 
class of photodetectors are those exhib-
iting intrinsic photocurrent ampliﬁ cation 
(gain) meaning that an incident photon 
triggers an electrical current ﬂ ow provided 
by numerous electrons. Gain increases the 
sensitivity of the detector making it suit-
able for applications such as receivers in 
optical ﬁ ber communication, high-resolu-
tion imaging, single photon counting, and 
laser microscopy. [ 28 ] 
 Hu et al. demonstrated the ﬁ rst embodiment of a 
CH 3 NH 3 PbI 3 -based photodetector by employing a lateral geom-
etry with a perovskite-ﬁ lled channel between a pair of conduc-
tive contacts. [ 12,14 ] This photodetector architecture exhibited 
gain of several tens under illumination and reverse bias. The 
authors suggested that a modiﬁ ed Schottky barrier at the gold/
perovskite interface gave rise to electron injection resulting in 
the observed gain. [ 12 ] More recently, Lee et al. presented a hybrid 
perovskite–graphene photodetector employing ﬁ eld effect tran-
sistor geometry, which despite the slow dynamics and a non-
linear response, exhibited gain of several hundreds. [ 13 ] Adding 
further to this, Dong et al. introduced a vertical stack geometry 
device and showed a high gain of ≈500 along with fast response 
time. [ 11 ] The observed photomultiplication was suggested to 
originate from trapped photogenerated holes inducing band 
bending, which reduces the Schottky junction thickness at the 
MoO 3 /perovskite interface and allows the electrons to tunnel 
through the barrier. 
 While previous work has focused on the performance metrics 
of perovskite photodetectors, the understanding of their oper-
ating principles is still limited. In this work, we present a ver-
tical stack geometry CH 3 NH 3 PbI 3 -based photodetector operated 
at a very low voltage (−0.6 V), which is characterized by a very 
high average gain of 1300 and a peak incident photon-to-cur-
rent efﬁ ciency (IPCE) of 50 000%. We demonstrate that the 
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only prerequisite to obtain high gain in this type of devices 
is a direct contact between CH 3 NH 3 PbI 3 and ﬂ uorine-doped 
tin oxide (FTO), which shows the versatility of perovskite as a 
material for high-performance photodetectors. 
 We investigate steady-state and dynamic behavior of the 
photodetector with respect to illumination and operating 
voltage. We ﬁ nd that both, a reduction of the hole injec-
tion barrier at the FTO/perovskite interface under reverse 
bias and an enhancement of conductivity of the perovskite 
ﬁ lm under illumination (photoconductivity) are essential 
for the working mechanism. By investigating the tempera-
ture dependent dynamics, we ﬁ nd a characteristic activa-
tion energy of 420 ± 90 meV for the process dominating 
the dynamics of the current response. Our ﬁ ndings are con-
sistent with the movement of ionic species alongside elec-
tronic charge carriers within perovskite. By assuming that 
these ions modify the electronic properties of the FTO/per-
ovskite interface, we provide a model for the operation prin-
ciples of the photodetector. 
 2.  Investigated Architectures 
 We investigated devices with an architecture similar to our pre-
vious design ( Figure  1 a). [ 26 ] On top of FTO-patterned glass, a 
TiO 2 blocking layer (BL) was deposited by spin-coating, spray-
pyrolysis or atomic layer deposition (ALD). This was followed by 
deposition of a mesoporous (MP) metal oxide scaffold (conduc-
tive TiO 2 or insulating Al 2 O 3 ). Optionally, TiCl 4 treatment was 
employed at this stage of device fabrication. The CH 3 NH 3 PbI 3 
ﬁ lm was deposited using several different methods: interdif-
fusion of two perovskite precursors (PbI 2 and CH 3 NH 3 I), [ 4 ] 
orthogonal solvent quenching, [ 2 ] or perovskite precursor coe-
vaporation. [ 29 ] Finally, the hole transporting material (HTM), 
Spiro-MeOTAD, was spin-coated and Au contacts were ther-
mally evaporated. Employment of a BL, an MP scaffold, or an 
HTM was optional and devices in various conﬁ gurations were 
studied. A schematic energy diagram of the model devices is 
shown in Figure  1 b. We note that the work function of FTO is 
not ﬁ xed. Depending on the on the surface treatment, or more 
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 Figure 1.  a) Structure of the model device and b) schematic energy diagram of the hybrid perovskite photodetector. [ 30 ] The work function of FTO is 
not ﬁ xed, and it can be changed by interface modiﬁ cation as well as surface treatments. [ 31 ] ϕ : work function, CB: conduction band, VB: valence band, 
HOMO: highest occupied molecular orbital. c) Dark and photocurrent density under 1 sun illumination as measured under −1 V for devices with 
different architectures. The ellipses represent standard deviation. Devices with 11 different architectures and an overall more than 100 devices were 









6938 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
precisely, on the surface adsorbates/ dipoles values between 
−4.4 eV and −5.1 eV are reported. We used a UV–ozone pre-
treatment of the FTO, which typically results in a work func-
tion of −5.1 eV. [ 31 ] However, we show later in this report that the 
work function can be further shifted as a result of ions accumu-
lated at FTO/perovskite interface. 
 We compared the devices by analyzing their current density–
voltage ( J–V ) characteristics. A standard procedure involved 
measuring dark  J–V characteristics of the devices from 0 to 
−1 V (reverse), to +1 V (forward), back to 0 V with 200 mV s −1 
scan rate. This was followed by an analogous measurement 
under white, 100 mW cm −2 LED illumination. A desirable com-
bination of parameters for the photodetectors was low dark and 
high photocurrent under reverse bias conditions. We used dark 
and photocurrent density values at −1 V potential as bench-
mark parameters to compare fabricated devices and to select 
the best performers for an in-depth analysis. The summary of 
our ﬁ ndings is presented in Figure  1 c. 
 The  J–V studies showed that devices with pinhole-free com-
pact, spray-pyrolyzed, or ALD-deposited TiO 2 BL do not exhibit 
photocurrent ampliﬁ cation under reverse bias and hence they 
do not work as photodetectors with gain. We note that already 
2 nm thick compact BL deposited on TiO 2 MP completely sup-
pressed photocurrent ampliﬁ cation under reverse bias condi-
tions. Thus, creating an interface between FTO and perovskite 
proves critical for the photodetector to exhibit gain. We found 
that replacing a compact BL with a porous one with the same 
thickness (deposited via spin-coating) introduced photocurrent 
ampliﬁ cation (gain) under reverse bias conditions. The gain 
was further increased when the BL was removed completely, 
which is consistent with an increased FTO/ perovskite con-
tact area. On the other hand, the dark currents also increased 
when the compact BL was replaced with a porous one and 
they further increased when the BL was removed completely 
( Figure  2 a). Interestingly, dark currents of devices with 2 nm 
thick ALD-deposited BL were very similar to dark currents of 
devices employing no BL despite the fact that the former did 
not show photocurrent ampliﬁ cation. Correspondingly, the 
shunt resistance (calculated from the slope of the dark current 
at 0 V) decreased from ≈1 MΩ cm 2 for devices with a compact 
BL to ≈50 kΩ cm 2 for devices with a porous BL, to ≈10 kΩ cm 2 
for devices with ALD or without BL. This indicates that the BL 
is sufﬁ ciently thin for electrons to tunnel through while at the 
same time a direct contact between FTO and perovskite is pro-
hibited (due to the pinhole-free, conformal BL obtained from 
ALD even for very thin ﬁ lms). This underlines once again the 
importance of the FTO/perovskite interface for photocurrent 
ampliﬁ cation. 
 The TiCl 4 treatment, which creates a 1–3 nm thick porous 
layer of TiO 2 , was found to considerably reduce both dark and 
photocurrent under reverse bias when applied on samples with 
a porous TiO 2 BL. However, when applied on devices without 
a BL and with MP TiO 2 , it reduced dark currents while not 
affecting the photocurrent signiﬁ cantly, which again is in line 
with the FTO–perovskite interface being responsible for a func-
tioning photodetector. 
 Furthermore, we compared devices with TiO 2 or Al 2 O 3 MP 
scaffolds. Both scaffolds showed very similar  J–V character-
istics. However, devices without MP scaffold suffered from 
much increased dark currents (≈8 times increase at −1 V bias) 
while still showing only slightly lower photocurrents. In order 
to exclude that the photocurrent ampliﬁ cation phenomena 
originates from the perovskite/HTM interface, devices without 
Spiro-MeOTAD layer (and without BL) were fabricated. Such 
devices still functioned as photodetectors with gain (albeit 
the gain was much lower than that for devices employing an 
HTM). However, they suffered from ≈13 times increased dark 
currents as compared to the devices with an HTM, which can 
be explained by increased shunting due to a direct contact of 
MP TiO 2 with gold. 
 Thus, we conclude that as soon as an intimate contact 
between FTO and perovskite is present, the device can be oper-
ated as a photodetector with gain, regardless of the device archi-
tecture or the perovskite deposition method. 
 We found large variation in photodetector performance 
of the devices with the same architecture not only between 
Adv. Funct. Mater. 2015, 25, 6936–6947
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 Figure 2.  a) Dark  J–V characteristics of devices with no BL, 2 nm thick ALD compact BL ≈30 nm thick spin-coated porous BL, with ≈30 nm thick 
spray-pyrolized compact one. b)  J–V characteristics of a champion device (without a BL) in the dark and under simulated 1 sun illumination. Scan 
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different batches of devices but also within each batch (the 
standard error on the photocurrent density at −1 V of 30 model 
devices was 30%). However, we have not observed any instances 
of devices without a compact BL, which would not function as 
photodetectors with gain. Devices employing CH 3 NH 3 PbI 3 can 
suffer from low reproducibility, which has been a subject of an 
intense discussion within the photovoltaic community. [ 32 ] In 
general, we observed the highest reproducibility with devices 
employing no BL and no MP scaffold, although their photo-
detector performance was limited because of high dark cur-
rents from shunting. 
 Following these ﬁ ndings, we ﬁ xed our device architecture for 
the remainder of this study to a stack of FTO/TiO 2 MP scaf-
fold/CH 3 NH 3 PbI 3 /Spiro-MeOTAD HTM/Au (Figure  1 a). The 
CH 3 NH 3 PbI 3 ﬁ lm was deposited via two-step interdiffusion 
method. We note that this particular architecture yielded the 
highest-performing devices, however the average performance 
was not the highest. 
 3.  Device Characterization 
 3.1.  Basic Steady-State Characterization 
 Measured in the dark, the perovskite photodetector exhibits 
rectifying behavior. A solar to power conversion efﬁ ciency of 
6.2% is achieved under 100 mW cm −2 simulated solar radiation 
(Figure  2 b). However, when the device under illumination is 
biased in reverse direction, a strong increase in photocurrent 
is observed, which allows the device to work as both a photovol-
taic cell and a high-gain photodetector depending on the direc-
tion of the applied bias. 
 The spectral response of the detector was characterized under 
0 and −0.6 V reverse bias. As shown in  Figure  3 a,b, the detector 
exhibits high performance across the broad spectrum covering 
near UV and stretching the entire visible range, while being IR-
blind. The IPCE of the device at short circuit conditions falls 
from ≈60% under 350 nm to ≈30% under 550 nm and ≈20% 
under 750 nm illumination, which follows the absorbance of 
the perovskite ﬁ lm (Figure S1, Supporting Information). 
 Another important parameter for photodetectors is respon-
sivity, which describes the ability of a device to respond to 
optical signals and it is deﬁ ned as the ratio of the photogen-














 Under short-circuit conditions the detector is characterized 
by low responsivity of 0.18–0.11 A W −1 in 350–750 nm region. 
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 Figure 3.  Optoelectronic response of the perovskite photodetector. a) IPCE of the perovskite photodetector (the inset in logarithmic scale), b) respon-
sivity at short-circuit conditions and under −0.6 V reverse bias. The inset shows the gain spectrum of the photodetector. c) Photocurrent and respon-
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To contrast this, when the detector is operated under −0.6 V 
reverse bias, a peak responsivity up to 200 A W −1 and IPCE of 
50 000% is observed under 500 nm illumination. The gain spec-
trum of the detector can be calculated as the ratio of respon-







. Gain of 1 indicates that for every pair of 
photogenerated carriers, there is one additional carrier injected 
to the perovskite and the overall current ﬂ owing through the 
external circuit is doubled. The gain of the photodetector is 
found to increase steadily from ≈720 to ≈1600 between 
350 nm and 750 nm. This can be attributed to the more homo-
genous carrier generation within the perovskite layer at longer 
illumination wavelengths due to a larger penetration depth of 
the light, which decreases the resistivity of the perovskite more 
homogeneously. 
 Linear dynamic range (LDR) describes an illumination inten-
sity range within which the current response of the detector 











 where  I upper is the current value at which the response of 
the detector deviates from linearity and  I lower is the lower 
resolution limit. For practical applications, it is desirable 
for a photodetector to have high LDR. However, the device 
can also be operated outside LDR if its behavior is well 
characterized. 
 Below the onset for the photocurrent ampliﬁ cation 
around −0.2 V, the response of the detector is linear from 
0.5 μW cm −2 (noise limited) up to at least 100 mW cm −2 , 
which results in LDR of at least 106 dB (Figure S2, Supporting 
Information). However, when the device is operated under 
photocurrent ampliﬁ cation conditions, the signal starts to sat-
urate already below the mW cm −2 regime (Figure  3 c). Photo-
current saturation in photoconductors is known to be related 
to ﬁ lling of sensitizing centers. [ 33 ] Sensitizing centers are local-
ized states that are empty in the dark and that can capture 
one type of photo generated charges, which at low light inten-
sities, increases the overall conductivity of the semiconductor. 
Under saturation (at higher light intensities), all sensitizing 
centers are effectively ﬁ lled. However, the saturation may not 
be complete either due to the ﬁ nite lifetime of charges gener-
ated above the saturation, or because recombination centers 
are able to additionally capture some of the photogenerated 
charges. [ 33 ] The saturation intensity of our detector was found 
to increase substantially under higher operating bias (red line 
in Figure  3 d). Consequently, since the noise limit on the lower 
end of the linear region (≈0.5 μW cm −2 ) does not considerably 
vary with operating voltage, LDR increases when the device is 
operated under higher reverse bias showing an approximately 
linear scaling with reverse bias (blue line). 
 Under −0.6 V reverse bias, we have measured a responsivity 
of 208 A W −1 (IPCE of 47 000%), which is among the highest 
values reported for perovskite photodetectors. [ 11,13,19,20 ] The 
current response of the device was found to be linear with 
irradiance up to 80 μW cm −2 resulting in a LDR of 44 dB. 
We note a broad variability for the saturation intensity from 
20 to 110 μW cm −2 with an average value of 58 μW cm −2 meas-
ured for six identically fabricated devices under −0.6 reverse 
bias. The average responsivity of those devices was found as 
135 ± 55 A W −1 . The high variation in the performance of the 
detectors is not unusual for optoelectronic devices employing 
CH 3 NH 3 PbI 3 and it shows that a robust method to fabricate 
perovskite photodetectors is still subject to ongoing research. 
 3.2.  Transient Light Intensity and Scan-Rate-Dependent 
Response 
 The transient photocurrent response of the device was investi-
gated by biasing the device in reverse direction and exposing it to 
60 s long pulses of 550 nm monochromatic light. Below the onset 
for photocurrent ampliﬁ cation (also at  J sc and under forward bias), 
the transient response of the detector is relatively fast (<10 ms) and 
thus not resolved in the investigated timescale of seconds. When 
the device is biased beyond the photocurrent ampliﬁ cation onset, 
i.e. when the device is operated under photocurrent ampliﬁ cation 
conditions, the dynamics become considerably slower and an ini-
tial overshoot in current is observed when the light is switched-
on ( Figure  4 a,b). This overshoot becomes less pronounced and it 
peaks later when the voltage is further increased in reverse direc-
tion. Although we have observed this overshoot under any bias 
past the ampliﬁ cation onset, at higher reverse bias the overshoot 
may not be distinct enough to be identiﬁ ed easily. Subsequently, 
when light is switched-off, the current decay is composed of two 
components—a very fast one (not resolvable on the investigated 
timescale of 10 ms) and a very slow one (on the order of seconds). 
The nature of these two components is likely to be fundamentally 
different and we hypothesize that the slow component arises due 
to the movement of ionic species in the perovskite. [ 34,35 ] This tran-
sient behavior is fully reproducible (Figure S3, Supporting Infor-
mation) and the bandwidth of the detector is determined to be in 
the sub-Hz region due to the very slow dynamics. 
 The current decay is slower when the light is switched-off 
and the devices are operated under higher reverse voltage. The 
amount of charge ﬂ owing through the device, after light is 
switched-off can be calculated by ﬁ tting the decay curves and 
integrating the area under them. We determine the charge to 
be in the range of ≈mC cm −2 (Figure  4 c). This is signiﬁ cantly 
higher than can be expected from the extraction of trapped 
photogenerated electronic carriers (the trapped charge carrier 
density would exceed the atomic density of the material) and 
it implies a photoinduced long-lived rise in injection current 
from the contacts, which decays on the timescale of seconds 
after the light is switched-off. These slow transient phenomena 
are due to a slow change either of the conductivity of the per-
ovskite or of the charge carrier injection rates at the contacts (or 
a combination of both), which can be interpreted as a signature 
of movement of ionic species within the perovskite layer and 
will be analyzed later in this work. 
 The photodetector exhibits gain and can be operated as 
such under any reverse bias greater than the photocurrent 
ampliﬁ cation onset. However, the responsivity of the device is 
highly dependent on the operating voltage. Figure  4 d shows 
that below the photocurrent ampliﬁ cation onset at around 
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−0.2 V, the responsivity of the device remains very low, which
translates to IPCEs below unity. Under higher reverse bias,
the responsivity measured within the LDR peaks at −0.6 V
before decreasing slightly. The decrease is due to the larger
relative contribution of the dark current under higher reverse
bias. Under higher illumination intensities (0.1 mW cm −2 ) 
the decrease is not observed since the relative contribution
of the dark current is lower. Interestingly, the responsivity of
the device and the total charge ﬂ owing through it after light is
switched-off follow a very similar trend as a function of oper-
ating bias. This may suggest that a photoinduced long-lived rise 
in injection current is the common origin of both photocurrent
ampliﬁ cation and the large amount of post-illumination charge
ﬂ owing through the device. 
 The onset of photocurrent ampliﬁ cation at around −0.2 V 
is found to be independent of light intensity, light spectrum, 
scan rate, or temperature. However, under reverse bias, past the 
onset for photocurrent ampliﬁ cation, the slope and the shape of 
the  J–V curves are heavily dependent on the illumination inten-
sity ( Figure  5 ), scan rate ( Figure  6 ), and temperature ( Figure  7 ), 
as will become clear further down. 
Adv. Funct. Mater. 2015, 25, 6936–6947
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 Figure 5.  Light intensity dependent  J–V characteristics of the perovskite 
photodetector. The inset shows the results in logarithmic scale. Scan rate: 
10 mV s −1 .


























































































 Figure 4.  Light-transient response of the perovskite photodetector. a) Transient current response to 60 s long 0.53 mW cm −2 pulses of 550 nm light 
under different reverse bias. The steady-state dark currents are subtracted for each bias; b) transient current response normalized to the steady-state 
value at 60 s; c) integrated charge ﬂ owing after light is switched-off and d) dependence of responsivity on operating bias: under 0.53 mW cm −2  illumi-









6942 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
 When scanning in backward direction, past the ampliﬁ ca-
tion onset, the photocurrent increases sharply with voltage. 
As the voltage is increased further, the photocurrent saturates 
and starts to decrease. Scanning beyond this point results in 
a large  J–V hysteresis when the scan is then continued in for-
ward direction (cf. curves for intermediate light intensities in 
Figure  5 ). In general, the further past the current peak the scan 
is performed, the larger the hysteresis becomes. The trend was 
found to hold for all of the devices tested and it is also observed 
in the dark scans suggesting the independence of the phe-
nomena from light. On the other hand, the point at which the 
photocurrent starts to saturate is dependent on the illumina-
tion intensity. In general, the higher the light intensity, the fur-
ther the saturation voltage shifts towards reverse bias direction 
(Figure  5 ). 
 The slow photocurrent transients and the hysteresis in 
the  J–V curves of Figure  5 anticipate a strong dependence on 
voltage sweep rate. Thus, we measure the  J–V curves at dif-
ferent scan rates and following a deﬁ ned preconditioning point 
(0 V). Figure  6 a shows  J–V curves measured from 0 V to −1 V 
and back. When the scan rate is varied, large differences in  J–V 
characteristics of the devices are observed. Again, the most pro-
nounced differences are observed when the device is operated 
under reverse bias. When very high scan rates are employed 
(order of tens to hundreds V s −1 ) the photocurrent ampliﬁ ca-
tion under reverse bias is almost completely suppressed. Cor-
respondingly, the observed hysteresis is very low. We observe 
a substantial increase in photocurrent ampliﬁ cation and even 
higher increase in hysteresis for slightly lower scan rates 
(several V s −1 ). The highest photocurrent ampliﬁ cation as well 
as the lowest hysteresis is obtained when intermediate scan 
rates are used (30–100 mV s −1 ). Decreasing the scan rate fur-
ther to 10 mV s −1 results in both lower photocurrent ampliﬁ ca-
tion and higher hysteresis. Overlaying these results with steady-
state current values (dashed) reveals that even lower scan rates 
would be required to achieve hysteresis-free curves. 
 These seemingly anomalous results of the light inten-
sity and scan rate inﬂ uence on the  J–V characteristics can 
Adv. Funct. Mater. 2015, 25, 6936–6947
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 Figure 6.  a) The effect of the scan rate on the  J–V hysteresis of the photodetector (illumination: 550 nm, 530 μW cm −2 ). The inset shows a schematic 
voltage transient. b) The response of the device when the potential is step-changed from  V oc to −1 V for different light intensities and normalized 
to the steady-state photocurrent at 60 s. c)  J–V characteristics of the detector following 60 s of preconditioning at different potentials; illumination: 
0.72 mW cm −2 for −1 V and 0.53 mW cm −2 for 0 V preconditioned data. d J /d V is found constant between −1 V and −0.6 V in forward scan d) d J /d V 
in the linear region as a function of illumination intensity when the detector is preconditioned at −1 V for 60 s. The linearity of conductivity with light 
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be explained by investigating the transient behavior of the 
detector. Figure  6 b shows the response of the device when it 
is subjected to a potential step-change from  V oc under corre-
sponding light intensity to −1 V ( V oc of the devices was found 
between 90 mV for 530 μW cm −2 and 0 mV in the dark). Inter-
estingly, immediately after the bias is changed to −1 V, almost 
no current ﬂ ows through the device neither in the dark nor 
under light. A relatively slow process is responsible for ena-
bling the current to ﬂ ow and for photocurrent ampliﬁ cation. 
However, the same process seems to be responsible for the 
subsequent overshoot in current, which is followed by a slow 
decay to a saturation value. The dynamics of this behavior 
are light intensity dependent and slow down at higher light 
intensities. 
 It is possible to model the response of the device to a poten-
tial step with two exponential terms, a positive and a negative 
one 
 ( )= − + +τ τ− −( ) 1 e e1 / 2 /rise decayJ t A A Bt t (3)
 The negative term gives rise to the overshoot in current, 
while the positive term is responsible for the subsequent decay. 
By ﬁ tting the data to this model (Figure S4, Supporting Infor-
mation) and by analyzing the time constants of the two pro-
cesses, we have found that light intensity has no apparent inﬂ u-
ence on the current rise time, which remains below 0.01 s. At 
the same time, the time constant for current decay decreases 
from ≈20 s at 1.6 mW cm −2 to ≈4 s at 0.53 μW cm −2 following 
closely a power law relationship (Figure S5, Supporting Infor-
mation). The observed time scale for current decay is compa-
rable to time scales for hysteresis as reported for CH 3 NH 3 PbI 3 -
based solar cells. [ 36,37 ] 
 The inset in Figure  6 a explains how photocurrent ampliﬁ -
cation and hysteresis are related to the transient behavior pre-
sented in Figure  6 b. We note that the device does not have suf-
ﬁ cient time to establish photocurrent ampliﬁ cation when per-
forming a very fast  J–V scan. The hysteresis is low since the 
time interval between forward and reverse scans is very short, 
which does not permit for signiﬁ cant changes of device’s elec-
tronic properties; higher current is measured during forward 
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 Figure 7.  The effect of temperature on the behavior of perovskite photodetector. Transient response of the device when the potential is step-changed 
from  V oc to −1 V at different temperatures normalized to current value at 40 s a) in the dark, b) under 0.53 mW cm −2 illumination, and c) the cor-
responding decay time constants ( τ decay ) of the transient data ﬁ tted to Equation  ( 3) . d) Scan rate and temperature dependent  J–V characteristics of 
the detector under 1 mW cm −2 illumination. Scan rates are selected to visualize the similarity of  J–V curves measured at an approximately three times 
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scan (from −1 V to 0 V). At slower scan rates there is more 
time to establish photocurrent ampliﬁ cation but consequently 
the hysteresis increases since the time between backward and 
forward scans is larger. We “probe the tip” of the transient over-
shoot by choosing the appropriate scan rate. This way it is pos-
sible to achieve nearly hysteresis-free  J–V curves. When  J–V 
scans are performed at a lower rate, the device has sufﬁ cient 
time to reach the “postovershoot” region. Hence the hysteresis 
becomes higher and now, contrary to the faster measurements, 
the backward scan yields the higher current value. Based on 
this, we can explain the shape of the light intensity dependent 
 J–V curves presented in Figure  5 under reverse bias and slow 
scan rates. We have shown that the response of the device to 
the varying voltage becomes slower when the intensity of the 
incident illumination is higher. Thus, the hysteresis is lower for 
larger intensities analogously to the lower hysteresis for inter-
mediate scan rates. This behavior is a consequence of the effect 
of photogenerated charges on the slow process in the device. 
 Finally, in Figure  6 c, we measured  J–V characteristics of the 
device following 60 s of preconditioning at different potentials. 
Clearly, during a very fast scan, the device cannot respond 
quickly enough to establish photocurrent ampliﬁ cation. Thus, 
suppressing the dominance of the slow process for the device 
response can be achieved by employing a fast 100 V s −1 scan 
rate (40 ms for the complete scan). When the scan is precondi-
tioned at −1 V for 60 s, we observe high photocurrent ampliﬁ ca-
tion under reverse bias conditions. Since the contribution of the 
slow process on the 40 ms timescale is still not negligible, the 
forward and backward scans do not overlap. Scanning in for-
ward direction, the  J–V curve is linear between −1 and −0.6 V, 
which is an indication of photoconductivity as the mechanism 
responsible for photocurrent ampliﬁ cation. Figure  6 d shows 
how the d J /d V slope in this linear regime depends on light 
intensity. The conductivity of the sample is found to be directly 
proportional to light intensity which is another indication of 
photoconductivity. However, when plotted in logarithmic scale 
the relationship is evidently linear only when constant, dark 
conductivity is subtracted. We note that the response of the 
detector saturates beyond 0.72 mW cm −2 illumination intensity, 
which is consistent with the value shown in Figure  3 for corre-
sponding operating conditions (0.53 mW cm −2 ). 
 3.3.  Temperature Dependence 
 To further analyze the origin of the slow response times, we 
perform  J–V and transient measurements as a function of tem-
perature. Figure  7 a,b show how the response of the device to a 
potential step from  V oc to −1 V varies at temperatures between 
−10 and 40 °C ( V oc under 0.53 mW cm −2 illumination varied 
with temperature from 150 mV at −10 °C to 50 mV at 40 °C). 
We investigated the effect of temperature on the dynamics of 
the device by again ﬁ tting the data with the two exponentials 
model as presented in Equation  ( 3) (Figures S6 and S7, Sup-
porting Information). While the inﬂ uence of temperature on 
the current rise time constant was not fully conclusive, we have 
found that the current decay becomes considerably slower at 
lower temperatures both in the dark and under illumination 
(Figure  7 c). 
 Combined analysis of three independent datasets has 
revealed an Arrhenius-type relationship. Independently of illu-
mination, we derived an activation energy of 420 ± 90 meV for 
the slow process responsible for the current decay. This value is 
consistent with the recently reported activation energy for the 
movement of iodine defects in CH 3 NH 3 PbI 3 . [ 34,35,38 ] 
 Subsequently, we observed a strong temperature effect 
on the  J–V characteristics of the perovskite photodetector 
(Figure S8, Supporting Information). In reverse bias direction, 
photocurrent ampliﬁ cation is found to be heavily dependent 
both on scan rate and temperature. On the other hand, while 
the  J–V characteristics in forward direction are less inﬂ uenced 
by the scan rate, the inﬂ uence of temperature is even more 
pronounced. The latter is likely due to the reduced conduc-
tivity of Spiro-MeOTAD at lower temperatures (Figure S9, Sup-
porting Information). Interestingly, in reverse direction almost 
identical (rate dependent)  J–V curves can be obtained when 
simultaneously changing the scan rate and the temperature 
(Figure  7 d). We have found that decreasing the temperature by 
20 K is equivalent to performing the  J–V scans approximately 
three times faster (see Figure S8 in the Supporting Informa-
tion for more examples). This proves once again that the shape 
of the reverse  J–V curve describing photocurrent ampliﬁ cation 
is mainly governed by a temperature-activated slow process. 
This observation is consistent with the effect of temperature 
on the transient behavior. Using a ﬁ rst order approximation 
rate ∝exp(− E a / kT ), we determine the activation energy to be 
between 300 and 400 meV, which is remarkably close to the 
value found above. 
 In summary, we have found that: 
 •  Direct contact between FTO/perovskite is essential for the 
device to exhibit photomultiplication. 
 •  Photomultiplication is enabled by slow processes with time 
constants on the order of seconds established by biasing the 
device in reverse direction. 
 •  Photomultiplication is a consequence of photoconductivity 
of CH 3 NH 3 PbI 3 . The response of the device becomes slower 
under illumination. 
 •  The device reacts slower at lower temperatures. Matching 
 J–V curves can be obtained by either changing the scan rate 
or temperature in a controlled way. 
 4.  Results and Discussion 
 The characteristics of the photodetector are dominated by pro-
cesses that occur on the time scale of seconds and that are 
strongly temperature activated. These observations coincide with 
results from studies on the  J – V hysteresis in perovskite solar 
cells. Recently, clear evidence has been presented linking hyster-
esis with the relatively slow movement of ionic species within 
the material. [ 34,35,37,39 ] Iodine defects (interstitials and vacancies) 
were shown to have the lowest formation and activation energies 
for ionic point defects which are suggested to be the mobile spe-
cies in CH 3 NH 3 PbI 3 . [ 40 ] Guided by these results, we propose a 
model explaining the photomultiplication effect in our system. 
 Figure  8 visualizes how the transient current response to a 
step-change in potential (from 0 V to negative voltages) arises 
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due to the movement of mobile ionic species. When the device 
is kept in the dark, immediately after reverse bias is applied, an 
(additional) electric ﬁ eld is established across the device but cur-
rent does not ﬂ ow due to the unfavorable alignment of FTO work 
function and CH 3 NH 3 PbI 3 valence band (Figure  8 a). Mobile 
ionic species in CH 3 NH 3 PbI 3 respond to the established elec-
tric ﬁ eld and travel towards the respective interfaces where they 
“pile up.” The accumulation of negative ions at CH 3 NH 3 PbI 3 /
FTO interface causes a downshift of the FTO work function, 
which enables hole injection into CH 3 NH 3 PbI 3 and results in a 
ﬂ ow of dark current across the device (Figure  8 b). However, as 
large amount of ions accumulate at the interfaces, they screen 
the electric ﬁ eld in the perovskite, which results in the decrease 
of dark current until equilibrium is reached (Figure  8 c). 
 The effect of temperature on the transient behavior of the 
detector expresses itself as a modulation in dynamics. We have 
shown that the time constant of the current decay increases 
with temperature following an Arrhenius-type relationship 
(Figure S7, Supporting Information). This is caused by faster 
diffusion of ionic species at higher temperatures. 
 Under illumination additional screening effects and interac-
tions of ionic defects with photogenerated charges have to be 
taken into account. This additional charge can effectively reduce 
the electric ﬁ eld in the perovskite layer and hence the driving 
force for ionic species to move; therefore, resulting in slower 
response times with increased light intensity (Figure  6 b). Alter-
natively, photogenerated charges can compensate the ionic 
charge accumulated at the interfaces. When the device is kept 
under constant, reverse bias (past the photocurrent ampli-
ﬁ cation onset) and the light is switched-on, photogenerated 
charges are attracted to the respective electrodes by the electric 
ﬁ eld, which is largely screened by the accumulated ions. The 
transit time of electrons is assumed to be longer than that of 
holes, [ 41 ] which results in fast hole collection and multiple rein-
jection before the electrons are collected. This way photomul-
tiplication is obtained and thus the device behaves similar to a 
photoconductor. Additionally, photogenerated charges establish 
an electric ﬁ eld, which is opposite to the ﬁ eld applied across the 
device. This induces the diffusion of ions away from the inter-
face, which reduces the screening and results in a slow current 
increase. Under low reverse operating voltage, a large amount 
of ions is able to diffuse away from the interface, which in turn 
results in unfavorable conditions for hole injection. 
 When the light is switched-off, the relatively low density 
of ions at the interfaces leads to lower screening and a long-
lived rise in injection current from the contacts as compared 
to the preillumination state (Figure  4 c). Essentially, the mecha-
nism responsible for the remnant large injection injection cur-
rent after light is switched-off is the same as the one shown in 
Figure  8 . The effect is even more pronounced when the device 
is operated under higher reverse bias, since the electric ﬁ eld 
remains largely unscreened and hole injection is more efﬁ cient. 
 5.  Conclusions 
 We have fabricated high-gain, low-voltage CH 3 NH 3 PbI 3 
photo detectors in various architectures. We observed photo-
multiplication in all structures having direct contact of 
FTO and perovskite, i.e. devices with either a porous or 
without any TiO 2 hole BL. Devices based on FTO/TiO 2 MP 
scaffold/CH 3 NH 3 PbI 3 /Spiro-MeOTAD HTM/Au showed the 
 Figure 8.  The emergence of transient behavior when the device is kept in dark and it is subjected to a step-change in potential. a) Immediately after 
applying reverse bias, no current ﬂ ows through the device since the work function of FTO is too low for hole injection. b) Ions travel to FTO/per-
ovskite interface downshifting FTO work function and enabling hole injection into perovskite. c) As ions accumulate at the interface, they screen the 
electric ﬁ eld, which results in the decrease of the current. Dark grey charges represent the electric charges on electrodes, light grey mobile ions (in the 
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highest responsivity of 208 A W −1 under 550 nm illumination, 
which corresponds to an IPCE of 47 000%. These high values 
of photomultiplication were reached for light intensities in the 
range of 0.5–80 μW cm −2 when the device was biased in reverse 
(−0.6 V). 
 During  J–V scans in the potential range of −1 V and 1 V a 
strong dependence of the current response on scan rate and pre-
conditioning was observed, showing the highest current values 
with least hysteresis at moderate scan rate (30 mV s −1 ). This 
observation is explained by a slow process in the time scale of 
seconds found when studying the transient current response 
upon changing illumination intensity or applied voltage. Having 
performed temperature dependent studies, we observed a strong 
dependence of the response time on temperature, yielding an 
activation energy of 420 ± 90 meV for the slow process. As the 
values for activation energy and response time are characteristic 
for ionic motion in these perovskite materials, we develop a model 
based on ion migration that can explain the observed transients 
and the photomultiplication. Essential is the pile-up of negative 
ionic charge at the FTO/perovskite interface under reverse bias. 
This charge lowers the FTO work function allowing for direct 
hole injection into the perovskite valence band. Due to an overall 
increase in conductivity, the hole current is enhanced upon illu-
mination, and the device behaves similar to a photoconductor. 
 These results on the performance of our photodetector 
encourage the application of CH 3 NH 3 PbI 3 for low-cost, and 
highly sensitive photodetectors with high gain. The proposed 
working principle leads to a better understanding of phenomena 
such as hysteresis in perovskite-based optoelectronic devices in 
general and the perovskite interface formation in particular. 
 6.  Experimental Section 
 Blocking Layer : FTO-patterned glass (Nippon sheet glass, NSG 10 Ω) 
was cleaned in an ultrasonic bath containing Hellmanex solution for 
20 min, and subsequently in isopropanol. This was followed by a UV 
ozone treatment for 10 min. For devices employing a spin-coated BL, 
a 0.15  M titanium diisopropoxide bis(acetylacetonate) (TAA) solution 
(in ethanol) was spin-coated on the FTO at 1000 rpm for 10 s and 
2000 rpm for 30 s. This was followed by drying at 125 °C for 5 min and 
then annealing at 500 °C for 15 min to produce a layer of about 30 nm 
in thickness. The 30 nm thick TiO 2 compact BL was deposited by spray-
pyrolysis of diluted TAA solution (Sigma-Aldrich) at an FTO substrate 
at 450°C. The solution for spray-pyrolysis was prepared by mixing 1 mL 
of TAA (30% in 2-propanol) and 25 mL of ethanol. 1–3 nm thick TiO 2 
compact BL was deposited by ALD on top of MP TiO 2 scaffolds. 
 Mesoporous Scaffold : The TiO 2 and Al 2 O 3 solutions were prepared by 
dispersing 1 and 2 g of paste (Dyesol) respectively in 10 mL ethanol 
and stirring them overnight before use. The solutions were sonicated 
for 5 min and then spin-coated on the substrates at 2000 rpm for 10 s. 
The ﬁ lms were dried at 125 °C for 10 s and then annealed at 550 °C for 
30 min. This resulted in scaffold thickness of around 100 nm. 
 TiCl 4 Treatment : An optional TiCl 4 treatment was performed by 
immersing the as-prepared scaffolds in a 0.15  M aqueous TiCl 4 solution 
at 70–80 °C for 30 min and then washing them with deionized water and 
drying. The ﬁ lms were then annealed at 500 °C for 20 min. 
 CH 3 NH 3 PbI 3 Layer : CH 3 NH 3 PbI 3 ﬁ lms were deposited via several 
different methods: 
 Two-step spin-coating : The ﬁ lms were prepared under ambient air 
atmosphere. 1  M PbI 2 solution was prepared by dissolving 462 mg of 
PbI 2 (Sigma-Aldrich) in 1 mL  N , N -dimethhylformamide (DMF) under 
stirring at 70 °C. The hot solution (30 μL) was loaded onto the substrate 
(10 s loading time) and then spin-coated at 3000 rpm. for 5 s and 
6000 rpm for 5 s. Subsequently, the ﬁ lms were transferred to a hotplate 
at 100 °C for 10 min. After cooling down to room temperature, 200 μL 
of 0.044  M CH 3 NH 3 I solution (in isopropanol) was loaded onto the 
substrate (30 s loading time) and spun at 3000 rpm for 20 s and dried 
at 100 °C for 5 min. 
 One-step orthogonal spin-coating : The ﬁ lms were deposited in a 
nitrogen-ﬁ lled glove box. A 1.1  M precursor solution of CH 3 NH 3 PbI 3 was 
prepared by dissolving stoichiometric amounts of PbI 2 and CH 3 NH 3 PbI 3 
in dimethylsulfoxide (DMSO). The precursor solution was spin-coated 
on MP TiO 2 scaffold at 1000 rpm for 10 s, immediately followed by 
6000 rpm for 30 s. 10 s before the end of the spin-coating program, 
chlorobenzene was dropped on the spinning substrate. The substrate 
was then heated at 90 °C for 1 h. 
 Evaporation : The evaporation was performed in a vacuum chamber. 
The perovskite ﬁ lm was coevaporated from PbI 2 and CH 3 NH 3 I sources 
through a shadow mask. Both precursors were heating simultaneously 
to their corresponding sublimation temperatures and the perovskite ﬁ lm 
was deposited at a substrate placed above the sources. 
 Hole Transporting Layer and Backside Electrode : A 70 × 10 −3 M spiro-
MeOTAD solution was prepared by dissolving 72.3 mg of spiro-
MeOTAD in 1 mL of chlorobenzene to which 28.8 μL of 4- tert -butyl 
piridine and 17.5 μL of 1.8  M lithium(triﬂ uoromethanesulfonyl)imide 
(Li-TSFI) solution in acetonitrile were added. The hole transporting layer 
was prepared by spin-coating the as prepared spiro-MeOTAD solution 
at 4000 rpm for 30 s. Finally, 80 nm of gold was thermally evaporated 
through a shadow mask to complete the device. 
 Device Characterization : The absorption spectrum of the devices 
was measured using a Hewlett Packard HP 8453 spectrometer. 
Current–voltage characteristics of the devices were recorded using 
BioLogic SP200 potentiostat. The source of monochromatic light was a 
monochromator-ﬁ ltered xenon lamp. Neutral density ﬁ lters were used to 
attenuate the light and a mechanical chopper was used to control the 
sample illumination. The 100 mW cm −2 white light was generated by 
an array of white LEDs. A heating/cooling sample holder employing a 
Peltier element was built in order to control the temperature of devices. 
A thermocouple was used for temperature feedback. The geometry 
was arranged so that the thermocouple was placed between the Peltier 
element and the backside of the device. A 0.5 mm thick thermal pad 
separated the device and the thermocouple. 
 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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CH3NH3PbI3 is shown to possess a broadband absorption spectrum stretching the entire 
visible range with the absorption edge around 780 nm (1.59 eV; Supporting Figure 1). The 
contribution below the absorption edge is caused by strong scattering by the rough perovskite 
film. 
Supporting Figure 1. Transmittance spectrum of the perovskite photodetector. The absorption edge of the detector is found 
around 780 nm (1.59 eV).
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The response of the detector at short circuit conditions was found to be linear with respect to 
illumination intensity within the range of interest (Supporting Figure 2). The variation in 
photoresponse caused by using light of different wavelengths is reflected in respective 
responsivity values obtained under illumination with different wavelengths.
Supporting Figure 2. Photoresponse of the photodetector at short circuit conditions under different illumination 
wavelengths. The measurement at 100 mW cm-2 was done under white LED light. 
?????????? ??????????????????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
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The on-off behavior of the photodetector was examined by shining 120 s - long pulses of 0.53 
mW cm-2, 550 nm monochromatic light (Supporting Figure 3). The time between the pulses
was 60 s. The time that it takes the device to switch between 10% and 90% of the saturation 
current (with dark current subtracted) after light is switched-on is termed rise time, trise.
Consequently, fall time, tfall describes the transition from 90% to 10% of the response after the 
light is switched-off. 
The photodetector is characterized by rise and fall times on the order of several seconds, 
which result in sub-Hz bandwidth. The pattern consists of a fast response, which is followed 
by a slow saturation or decay. The unusually slow response of the device is ascribed to slow 
processes within the perovskite, which is consistent with the idea of the movement of ionic 
species. 




The current response of the device when it is subjected to a potential step change from Voc to -
1 V was modelled with two exponential terms: 
? ? ?????? ?????? ? ????
? ??????? ? ? (S1) 
The negative term is responsible for the initial rise in current, while the positive term is
responsible for its subsequent decay. Supporting Figure 4 shows how the model fits the 
experimental data and Supporting Figure 5 shows how the current decay and rise time 
constants depend on the illumination intensity. One can see that at higher illumination 
intensities, the current decay becomes slower. The decay time constant is related to the 
illumination intensity through a power law, while no apparent influence of illumination 
intensity on the current rise time constant was found. 
Supporting Figure 4. The response of the device when the potential is step-changed from Voc to -1 V for different light 








Supporting Figure 6 shows the transient current response of the device when it is subjected 
to a potential step change from Voc to -1 V. The recorded data is fitted to the model presented 
in Supporting equation (1). 
Supporting Figure 6. The transient response of the device when the potential is step-changed from Voc to -1 V at different 




Supporting Figure 7 shows how the current decay and rise time constants depend on 
temperature. One can see that at lower temperatures the current decay becomes slower. The 
decay time constant is related to the temperature through an Arrhenius-type relationship. No 
apparent influence of temperature on the current rise time constant was found.
Supporting Figure 7. Time constants of current rise and decay (Supporting equation (1)) as a function of temperature.
?????????? ??????????????????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
???
Supporting Figure 8 present the simultaneous temperature and scan rate dependence on J-V
characteristics of photodetector. With respect to the behavior under reverse bias conditions, it 
is found that decreasing the temperature by 20 K is equivalent to increasing the scan rate by 
approximately 3 times. 
Supporting Figure 8. Scan rate- and temperature- dependent J-V characteristics of the detector under 1 mW cm-2
illumination. Scan rates are selected to visualize the similarity of J-V curves measured at an approx. 3 times lower rate when 
the temperature was decreased by 20 K. 
?????????? ??????????????????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
???
Supporting Figure 9 presents the specific conductivity of Spiro-MeOTAD film sandwiched 
between FTO and gold electrodes. 




Supporting Table 1 Experimental conditions and dark and photocurrent densities measured under -1 V potential for samples 
shown in Figure 2. Photocurrent measured under 100 mW cm-2 white LED light. Scan rate: 200 mV s-1. 
Device type as 









Dark current density at -
1 V potential [mA cm-2] 
Photocurrent density at 
-1 V potential [mA cm-2] 
1 porous TiO2 TiO2 no yes 2step 0.105 98.95 
1 porous TiO2 TiO2 no yes 2step 0.116 74.74 
2 porous TiO2 TiO2 yes yes 2step 0.021 29.47 
2 porous TiO2 TiO2 yes yes 2step 0.032 24.21 
2 porous TiO2 TiO2 yes yes 2step 0.084 24.21 
2 porous TiO2 TiO2 yes yes 2step 0.011 24.21 
2 porous TiO2 TiO2 yes yes 2step 0.011 22.11 
2 porous TiO2 TiO2 yes yes 2step 0.011 18.95 
3 no TiO2 yes yes 2step 0.147 161.05 
3 no TiO2 yes yes 2step 0.116 145.26 
3 no TiO2 yes yes 2step 0.137 136.84 
3 no TiO2 yes yes 2step 0.179 130.53 
3 no TiO2 yes yes 2step 0.084 109.47 
3 no TiO2 yes yes 2step 0.126 109.47 
3 no TiO2 yes yes 2step 0.053 96.84 
3 no TiO2 yes yes 2step 0.053 94.74 
4 no TiO2 no yes 2step 2.947 211.66 
4 no TiO2 no yes 2step 0.811 202.17 
4 no TiO2 no yes 2step 3.895 171.58 
4 no TiO2 no yes 2step 8.000 169.47 
4 no TiO2 no yes 2step 2.807 166.67 
4 no TiO2 no yes 2step 2.211 160.00 
4 no TiO2 no yes 2step 2.737 160.00 
4 no TiO2 no yes 2step 3.509 157.89 
4 no TiO2 no yes 2step 4.211 154.39 
4 no TiO2 no yes 2step 2.456 152.63 
4 no TiO2 no yes 2step 3.158 142.11 
4 no TiO2 no yes 2step 4.035 140.35 
4 no TiO2 no yes 2step 2.105 131.58 
4 no TiO2 no yes 2step 2.281 129.82 
4 no TiO2 no yes 2step 2.982 129.82 
4 no TiO2 no yes 2step 1.246 121.05 
4 no TiO2 no yes 2step 6.491 112.28 
4 no TiO2 no yes 2step 5.789 108.77 
4 no TiO2 no yes 2step 3.684 101.75 
4 no TiO2 no yes 2step 0.491 96.49 
4 no TiO2 no yes 2step 0.684 96.49 
4 no TiO2 no yes 2step 0.579 94.74 
4 no TiO2 no yes 2step 0.228 84.21 
4 no TiO2 no yes 2step 0.316 84.21 
4 no TiO2 no yes 2step 0.368 82.46 
4 no TiO2 no yes 2step 0.807 80.70 
4 no TiO2 no yes 2step 0.281 78.95 
4 no TiO2 no yes 2step 0.281 77.19 
4 no TiO2 no yes 2step 0.263 71.93 
4 no TiO2 no yes 2step 0.912 64.91 
5 no TiO2 no yes 1step 4.400 169.01 
5 no TiO2 no yes 1step 3.080 164.96 
5 no TiO2 no yes 1step 3.840 165.21 
5 no TiO2 no yes 1step 5.544 119.47 
5 no TiO2 no yes 1step 3.088 119.12 
5 no TiO2 no yes 1step 3.702 114.56 
5 no TiO2 no yes 1step 2.930 112.28 
5 no TiO2 no yes 1step 2.509 107.72 
5 no TiO2 no yes 1step 1.930 92.98 
5 no TiO2 no yes 1step 2.105 91.23 
5 no TiO2 no yes 1step 1.930 82.46 
6 no TiO2 no no 1step 58.246 131.58 
6 no TiO2 no no 1step 67.368 128.95 
6 no TiO2 no no 1step 21.930 124.21 
6 no TiO2 no no 1step 40.000 102.28 
7 no TiO2 no no 2step 42.982 85.96 
7 no TiO2 no no 2step 18.772 75.44 
8 no Al2O3 no yes 2step 1.684 131.12 
8 no Al2O3 no yes 2step 1.368 122.78 
8 no Al2O3 no yes 2step 1.895 122.02 
?????????? ??????????????????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
???
8 no Al2O3 no yes 2step 2.211 108.38 
8 no Al2O3 no yes 2step 1.895 106.11 
8 no Al2O3 no yes 2step 1.474 102.32 
9 no no no yes 2step 1.404 140.35 
9 no no no yes 2step 11.228 126.32 
9 no no no yes 2step 3.509 124.56 
9 no no no yes 2step 5.439 107.02 
9 no no no yes 2step 12.982 103.51 
9 no no no yes 2step 6.667 98.25 
9 no no no yes 2step 4.561 92.98 
10 no no no yes 1step 1.579 61.40 
10 no no no yes 1step 1.754 56.14 
11 no no no yes evaporated 1.316 122.81 
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